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Summary	  	  	  
The	  key	  immune	  cells	  responsible	  for	  antitumor	  activity	  are	  Cytotoxic	  T	  cells	  (CTLs)	  directed	  
against	  tumour	  cells	  susceptible	  to	  cell	  lysis.	  The	  presence	  of	  functional	  CTLs	  in	  the	  tumour	  is	  
a	   prerequisite	   for	   the	   elimination	   and	   clearance	   of	   cancer	   cells	   (Quezada	   et	   al.,	   2010).	  
Increasing	   evidence	   has	   shown	   that	   despite	   the	   presence	   of	   CTLs	   within	   the	   tumour,	  
components	  of	  the	  tumour	  microenvironment	  can	  immunosuppress	  the	  immune	  response.	  
Transforming	  growth	  factor	  -­‐	  beta	  (TGF-­‐β)	  is	  a	  pleotropic	  cytokine	  that	  is	  involved	  in	  several	  
processes,	  such	  as	  wound	  healing,	  embryonic	  development	  and	   immune	  regulation	  among	  
others.	  In	  addition,	  TGF-­‐β	  has	  been	  considered	  to	  be	  a	  potent	  immunosuppressive	  cytokine	  
through	   the	   inhibition	   of	   proliferation,	   differentiation	   and	   activation	   of	   immune	   cells	  
thereby	  affecting	  their	  effector	  functions	  (Mempel	  et	  al.,	  2006).	  In	  this	  manner,	  cancer	  cells	  
avoid	   the	   immune	   response	  by	   secreting	  high	   levels	  of	  TGF-­‐β	   in	   the	  microenvironment.	   In	  
addition,	   one	   important	   characteristic	   for	   understanding	   how	   CTLs	   kill	   their	   respective	  
targets	   is	   their	   capacity	   to	  migrate	   and	   infiltrate	   into	   the	   tumour.	   Classically,	   T	   cells	   have	  
been	  considered	   to	  adopt	  a	   random	  migration	  behaviour	   in	  order	   to	   seek	  antigens.	   In	   the	  
presence	  of	  cognate	  antigen,	  T	  cells	  stop	  In	  order	  to	  interact	  with	  the	  antigen-­‐presenting	  cell	  
(APC),	  a	  process	  driven	  by	  the	  activation	  of	  the	  T	  cell	  receptor	  (TCR)	  (Lu,	  Schneider,	  &	  Rudd,	  
2012).	   A	   stable	   engagement	   between	   both	   types	   of	   cells	   (T	   cell-­‐	   APC)	   ensures	   the	  
elimination	  of	  the	  pathogen.	  However,	  under	  some	  circumstances	  T	  cells	  overcome	  the	  ‘stop	  
signal’	  and	  fail	  to	  make	  stable	  interactions	  with	  the	  targets.	  Thus,	  the	  antigen	  is	  disregarded	  
by	   the	   immune	  system.	  This	  event	  has	  been	  well	  documented	  on	  T	  cells	   that	  express	  high	  
levels	  of	  regulatory	  molecules	  that	  limit	  the	  magnitude	  of	  the	  immune	  response	  such	  as	  PD-­‐
1	  (Programmed	  cell	  death-­‐1)	  (Fife	  et	  al.,	  2009)	  or	  CTLA-­‐4	  (cytotoxic	  T-­‐lymphocyte-­‐associated	  
protein-­‐4)	  (Schneider	  et	  al.,	  2006).	  Therefore,	  the	  aim	  of	  this	  study	  is	  to	  determine	  whether	  
TGF-­‐β	   alters	   the	   migration	   behaviour	   of	   CTLs	   and	   if	   this	   is	   related	   with	   a	   poor	   immune	  
response	   observed	   in	   the	   context	   of	   the	   tumour	   microenvironment.	   Using	   time-­‐lapse	  
confocal	  microscopy,	  CTL	  were	  imaging	  in	  a	  collagen	  gel	  in	  the	  presence	  or	  absence	  of	  TGF-­‐	  
β.	  Our	   findings	  show	  that	  TGF-­‐β	   influences	   the	  migration	  of	  CTLs,	  whereby	   they	  no	   longer	  
navigate	   in	  a	   random	  fashion	  as	  do	  control	  CTLs.	  Furthermore,	   in	   the	  presence	  of	  cognate	  
antigen,	  CTLs	  primed	  with	  TGF-­‐β	  fail	  to	  make	  stable	  interactions	  with	  their	  respective	  targets	  
and	  therefore	  the	  ‘stop	  signal’	  is	  prevented.	  This	  is	  associated	  with	  a	  lack	  of	  response	  to	  TCR	  
activation.	  Thus,	  this	  study	  provides	  evidence	  that	  the	  migration	  patterns	  adopted	  by	  CTLs	  is	  
a	  key	  determinant	  for	  the	  clearance	  and	  elimination	  of	  targets	  cells.	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On	   the	   other	   hand,	   cell	   migration	   also	   depends	   on	   the	   dynamic	   reorganisation	   of	   the	  
actomyosin	  cell	  cortex.	  Typically,	  migrating	  T	  cells	  display	  an	  elongated	  polarised	  shape	  with	  
a	   very	   dynamic	   leading	   edge	   and	   a	   uropod	   in	   the	   rear.	   This	   ‘amoeboid’	   movement	  
guarantees	   a	   fast	  migration	  driven	  by	   the	   formation	  of	   polarized	  protrusions	   at	   the	   front.	  	  
The	   actomyosin	   cytoskeleton	   is	   responsible	   for	   the	   generation	   of	   the	   forces	   that	   are	  
involved	  in	  this	  process.	  It	  is	  widely	  accepted	  that	  the	  actomyosin	  cortex	  plays	  a	  key	  role	  in	  
the	   reorganization	   of	   the	   cytoskeleton	   and	   therefore	   cell	   migration	   (Biro,	   Munoz,	   &	  
Weninger,	  2014).	  For	  instance,	  Arp2/3	  is	  responsible	  for	  the	  generation	  of	  the	  lamellipodium	  
at	  the	  leading	  edge.	  RhoA	  and	  its	  downstream	  kinase	  ROCK	  are	  important	  for	  the	  retraction	  
of	  the	  rear	  of	  the	  cell	  by	  activating	  several	  myosin	  motor	  proteins	  (Heasman,	  Carlin,	  Cox,	  Ng,	  
&	  Ridley,	  2010).	  Formins	  are	  important	  for	  the	  generation	  of	  filopodia	  and	  they	  are	  involved	  
in	  cell	  polarization	  (Calvo	  et	  al.,	  2011).	  Thus,	  by	  inhibiting	  specifically	  each	  component	  of	  the	  
actomyosin	  cortex	  we	  were	  able	  to	  determine	  the	  contribution	  of	  each	  during	  migration	  of	  
CTLs.	   Strikingly,	   the	   inhibition	  of	  a	  particular	   component	  of	   the	  actomyosin	   cortex	   favours	  
the	  generation	  of	  a	  particular	  type	  of	  protrusion.	  
	  
Furthermore,	   this	  work	  also	  aims	  to	  determine	  what	  search	  strategies	  CTLs	  employ	  to	  find	  
antigen.	   T	   cells	   can	   navigate	   virtually	   any	   kind	   of	   tissue	  whilst	   scanning	   for	   their	   cognate	  
antigen.	   How	   rare	   cells	   find	   each	   other	   is	   still	   unknown.	   However,	   previous	   work	   has	  
reported	  that	  T	  cells	  have	  a	  directed	  migration	  mode	  where	  they	  can	  displace	  further	  than	  
expected	  by	  a	  simply	  random	  process	  (Harris	  et	  al.,	  2012).	  Thus,	  this	  migration	  pattern	  can	  
optimise	  the	  probability	  of	  T	  cells	  finding	  rare	  target	  cells	  in	  complex	  environments.	  Because	  
the	   nature	   of	   a	   given	   protrusion	   influences	   the	   directionality	   of	   motile	   T	   cells,	   we	  
hypothesise	   that	   any	   alteration	   during	   this	   process	   may	   alter	   the	  migration	   behaviour	   of	  
CTLs.	   Thus,	   the	   search	   strategy	   adopted	   by	   CTLs	   under	   different	   experimental	   condition	  
could	   affect	   the	   immune	   sensitivity	   to	   localize	   antigens.	   Using	   software	   developed	   by	   Dr.	  
Maté	   Biro,	   three	   different	   patterns	   of	   migration	   were	   simulated:	   Random,	   directed	   and	  
confined.	   This	   tool	   allows	   comparing	   how	   a	   particular	   experimental	   condition	   affects	   the	  
mode	  of	  migration	  of	  CTLs	  in	  a	  population	  level.	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Chapter	  1	  	  	  
Introduction	  
1.1	  The	  immune	  system	  	  
An	   important	   characteristic	   of	   the	   immune	   system	   is	   the	   capacity	   to	   induce	   a	   defensive	  
response	  against	  diverse	  pathogens	  whilst	  maintaining	  tolerance	  towards	  self-­‐antigens.	  This	  
response	  allows	  the	  host	  to	  identify	  and	  clear	  pathogens	  that	  are	  continually	  evolving	  such	  
as	  virus,	  bacteria,	  and	  tumours	  among	  others.	  Typically,	  the	  immune	  system	  has	  been	  split	  in	  
two	   categories:	   the	   innate	   immune	   system	   and	   the	   adaptive	   immune	   system	   (Clark	   &	  
Kupper,	  2005).	  	  	  
The	   innate	   immune	   system	   is	   the	   first	   line	   of	   defence,	   it	   recognizes	   and	   responds	   to	  
pathogens	   in	   a	   generic	   way.	   Innate	   immunity	   has	   three	   main	   components:	   i)	   physical	  
barriers	   such	   as	   epithelial	   cell	   layers;	   ii)	   soluble	   cytokines	   and	   chemokines	   as	   well	   as	  
complement	   proteins	   and	   antimicrobial	   peptides;	   iii)	   membrane	   receptors	   that	   are	  
expressed	   in	   neutrophils,	   dendritic	   cells,	   macrophages	   and	   natural	   killers	   (Uthaisangsook,	  
Day,	   Bahna,	   Good,	   &	   Haraguchi,	   2002).	   In	   contrast,	   adaptive	   immunity	   is	   specific.	   The	  
expression	  of	  antigen-­‐specific	  receptors	  on	  T	  cells	  and	  B	  cells	  ensures	  restricted	  recognition	  
for	   their	   cognate	  antigens.	   T	   cell	   receptors	   (TCR)	  and	   immunoglobulin	   (Ig)	  B	   cell	   receptors	  
have	   a	   variable	   domain,	  which	   is	   generated	  by	   genetic	   recombination	  of	   antigen	   receptor	  
gene	   segments.	   This	   phenomenon	   guarantees	   a	   diversity	   of	   receptors	   able	   to	   recognise	  
nearly	  any	  type	  of	  antigen	  (Chaplin,	  2010).	  	  
T	  cells	  are	  key	  components	  of	  the	  adaptive	   immune	  response.	  T	  cells	  are	  widely	  divided	  in	  
two	  major	   subsets:	   CD4+	   helper	   T	   (Th)	   cells	   and	   CD8+	   cytotoxic	   T	   cells	   	   (CTLs)	   (Germain,	  
2002).	   In	  general,	  CD4+	  T	  cells	  support,	  suppress	  or	  regulate	  the	  immune	  response.	  CD4+	  T	  
cells	   can	   recognise	   antigens	   presented	  by	  MHC	   (major	   histocompatibility	   complex)	   class	   II	  
and	   promote	   a	   humoral	   response	   through	   the	   production	   of	   pro-­‐inflammatory	   cytokines	  
(Figure	   1.1).	   They	   are	   essential	   in	   B	   cell	   antibody	   class	   switching,	   in	   the	   activation	   and	  
differentiation	   of	   CTLs	   and	   in	   maximising	   the	   innate	   response	   against	   photogenes	   (Zhu,	  
Yamane,	  &	  Paul,	  2010).	  There	  are	  different	  populations	  of	  Th	  cells	  (Th1,	  Th2,	  Th17	  and	  Treg)	  
and	   each	   of	   them	   has	   a	   specialised	   function	   in	   modulating	   the	   immune	   system.	   The	  
development	   of	   different	   Th	   subpopulations	   is	   determined	   largely	   by	   the	   expression	   of	   a	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particular	  set	  of	  transcriptional	  factors.	  For	  instance,	  upon	  TCR	  activation,	  the	  nuclear	  factor	  
of	   activated	   T	   cells	   (NFAT)	   and	   the	   adaptor	   related	   protein	   complex	   1	   promote	   the	  
expression	  of	  T-­‐box	  transcription	  factors,	  a	  transcriptional	  factor	  that	  is	  involved	  in	  the	  Th1	  
response	  (Naito,	  Tanaka,	  Naoe,	  &	  Taniuchi,	  2011).	  	  The	  generation	  of	  a	  particular	  pattern	  of	  
transcriptional	   factors	   is	   highly	   determined	   by	   the	   presence	   of	   different	   cytokine	  
environments	  during	  the	  TCR	  activation	  (Zhu	  &	  Paul,	  2010).	  On	  the	  other	  hand,	  CD8+	  T	  cells	  
mediate	   a	   cellular	   response	   against	   intracellular	   pathogens	   such	   as	   intra-­‐cytoplasmatic	  
bacteria,	   virus,	   protozoa	   and	   tumours	   (P.	  Wong	  &	   Pamer,	   2003).	   CD8+	   T	   cells	   respond	   to	  
antigens	  presented	  by	  MHC	  class	  I	  molecules	  on	  the	  surface	  of	  target	  cells	  (Figure	  1.1).	  Upon	  
TCR	  activation,	  CD8+	  T	  cells	  undergo	  clonal	  expansion	  in	  the	  presence	  of	  interleukin-­‐2	  (IL-­‐2),	  
which	   is	   a	   growth	  and	  differentiation	   cytokine	   for	   T	   cells	   (Oppenheim,	   2007).	   CD8+	   T	   cells	  
express	   a	   variety	   of	   effector	  molecules	   that	  mediate	   the	   cellular	   response	   against	   diverse	  
pathogens.	   CD8+	   T	   cells	   accomplish	   their	   effector	   function	   by	   inducing	   direct	   cytolysis	   of	  
infected	   cells	   through	   the	   secretion	   of	   perforins	   and	   granzymes	   (Cao	   et	   al.,	   2007).	  
Furthermore,	  CD8+	  T	  cells	  also	  produce	  pro-­‐inflammatory	  cytokines	  such	  as	  tumour	  necrosis	  
factor	   (TNF)	   and	   interferon-­‐γ	   (IFN-­‐γ)	   in	   order	   to	   enhance	   the	   immune	   response	   (Prevost-­‐
Blondel,	  Roth,	  Rosenthal,	  &	  Pircher,	  2000).	  	  
Effector	  CD8+	  T	  cells	  are	  considered	  responsible	  for	  the	  destruction	  and	  clearance	  of	  cancer	  
cells.	  Using	  multiphoton	  microscopy	   it	  was	   possible	   to	   determine	   that	   specific	   clones	  of	   T	  
cells	  can	  recognise	  tumour	  antigens.	  For	  instance,	  human	  CD8+	  T	  cells	  respond	  specifically	  to	  
melanoma	   antigen	   Melan-­‐A/MART-­‐1	   (Ahmadzadeh	   et	   al.,	   2009).	   Therefore,	   CD8+	   T	   cells	  
expand	  clonally	  to	  mediate	  a	  cellular	  response	  against	  cancer	  cells	  in	  situ.	  Thus,	  the	  isolation	  
of	   certain	   clones	   of	   CD8+	   T	   cells	   from	   tumours	   have	   enabled	   the	   development	   of	  
immunotherapies	   based	   on	   the	   adoptive	   transfer	   of	   naturally	   or	   artificially	   engineered	  
tumour-­‐specific	   T	   cells	   (Restifo,	   Dudley,	   &	   Rosenberg,	   2012).	   In	   this	   manner,	   immune	  
surveillance	  has	  the	  potential	  to	  eliminate	  small	  tumours	  before	  they	  become	  macroscopic.	  
CD8+	  T	  cells	  exert	  an	  anti-­‐tumour	  response	  by	  inducing	  apoptosis	  or	  through	  the	  release	  of	  
cytotoxic	  granules	  (Klebanoff	  et	  al.,	  2005).	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Figure	  1.1:	  Two	  types	  of	  cells	  mediate	  the	  immune	  adaptive	  response	  against	  pathogens.	  	  
CTLs	   recognize	   antigens	   presented	   through	   MHC	   class	   I	   and	   induce	   a	   cellular	   response	  
against	   viruses	   as	  well	   as	   tumour	   cells,	   where	   the	   final	   outcome	   is	   the	   elimination	   of	   the	  
targets	  (Left).	  On	  the	  other	  hand,	  Th	  cells	  respond	  to	  antigens	  through	  MHC	  class	  II	  and	  lead	  
a	   humeral	   response	   through	   the	   production	   of	   pro-­‐inflammatory	   cytokines.	   The	   final	  
outcome	   in	   this	   response	   is	   the	  activation	  of	   other	   immune	   cells	   from	   the	   innate	   response	  
such	  as	  macrophages	  (centre)	  and	  the	  production	  of	  antibodies	  by	  B	  cells	  (right).	  Reproduced	  
from	  (Janeway,	  Travers,	  Walport,	  &	  Shlomchik,	  2001).	  	  	  	  	  	  	  	  	  
1.2	  TCR	  signalling	  pathway	  	  
T	  cell	  activation	  starts	  when	  a	  single	  T	  cell	  recognizes	  their	  antigenic	  target	  through	  the	  TCR,	  
in	   the	   immunological	   synapse	   (IS).	   The	   engagement	   between	   the	   TCR	   and	   their	   antigen	  
target	   induces	   the	   generation	   of	  micro-­‐clusters	   and	   lipids	   rafts	   that	   contain	   TCR	   complex	  
associated	  with	   signalling	  molecules	   (Razzaq	   et	   al.,	   2004).	   These	   intracellular	   signals	   from	  
the	   TCR	   rely	   on	   the	   phosphorylation	   and	   desphosphorylation	   of	   kinases	   that	   trigger	   the	  
activation	   of	   several	   transcription	   factors,	   which	   modify	   gene	   transcription	   and	   lead	   the	  
immune	  response	  against	  pathogens.	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The	   activation	   of	   the	   Src	   family	   of	   kinases	   is	   considered	   to	   be	   the	   earliest	   event	   in	   the	  
intracellular	   signalling	   after	   TCR	   ligation.	   Lymphocyte-­‐specific	   Tyrosine	   Kinase	   (Lck),	  which	  
belongs	   to	   the	  Src	   family,	   is	  a	   tyrosine	  kinase	   that	  phosphorylates	   ITAMS	  (immunoreceptor	  
signalling	  motifs	  residues)	  on	  the	  TCR/CD3	  complex.	  ZAP-­‐70	  (ζ-­‐Associated	  Protein	  of	  70-­‐kDa)	  
is	  recruited	  in	  phosphorylated	  ITAMs	  thereby	  activating	  LAT	  (Trans	  membrane	  protein	  linker	  
of	   activated	   T	   cells)	   through	   phosphorylation	   of	   tyrosine	   residues	   (Guy	   et	   al.,	   2013).	  
Phosphorylated	   LAT	   promotes	   the	   activation	   of	   cytosolic	   SLP-­‐76	   (Src-­‐homology	   2	   domain-­‐
containing	  leukocyte	  phosphoprotein	  of	  76	  kDa)	  adaptor	  proteins	  that	  are	  able	  to	  trigger	  the	  
activation	   of	   multiple	   distal	   signalling	   pathways	   (Balagopalan,	   Barr,	   &	   Samelson,	   2009).	  
Phosphorylated	  LAT	  is	  localized	  in	  the	  lipid	  rafts	  that	  induce	  the	  activation	  and	  recruitment	  
of	   PLCγ1	   (PhophoLipase	   C,	   gamma1)	   by	   which	   hydrolyses	   membrane	   lipids	   thereby	  
generating	   second	   messengers	   such	   as	   IP3	   (Inositol	   1,4,5-­‐triphosphate)	   and	   DAG	  
(dyacylglycerol)	  (Navarro	  &	  Cantrell,	  2014)	  (Figure1.2).	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
Figure	  1.2:	  TCR	  activation	  pathway.	  Upon	  the	  engagement	  of	  the	  TCR	  to	  the	  antigen-­‐MHC	  
complex,	   activated	   Lck	   phosphorylates	   ITAMs	   domains	   on	   the	   CD3	   co-­‐receptor,	   where	   it	  
activates	   Zap-­‐70,	   which	   then	   transmits	   the	   signal	   through	   the	   phosphorylation	   and	  
activation	  of	  adaptor	  proteins	  and	  second	  messengers.	  Adapted	  from	  (Lineberry	  &	  Fathman,	  
2006)	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The	  generation	  of	  DAG	  causes	  the	  activation	  of	  the	  Ras-­‐Raf-­‐MAP	  kinases	  signalling	  pathway	  
(Roose,	  Mollenauer,	  Gupta,	  Stone,	  &	  Weiss,	  2005).	  Ras	  is	  a	  small	  GTPase	  that	  is	  activated	  by	  
the	  hydrolysis	  of	  its	  GTP	  into	  GDP.	  Activated	  Ras	  is	  necessary	  for	  the	  activation	  of	  the	  proto-­‐
oncogene,	   serine/threonine	   kinase	   Raf-­‐1	   that	   simultaneously	   triggers	   the	   mitogen-­‐
associated	   protein	   kinase	   (MAPK)	   cascade:	   Raf-­‐1	   is	   a	   serine/threonine-­‐specific	   protein	  
kinases	  that	  phosphorylates	  and	  activates	  Mek,	  which	  in	  turn	  phosphorylates	  and	  activates	  
the	   extracellular	   signal	   regulated	   kinase	   (Erk1	   and	   Erk2)	   (Navarro	   &	   Cantrell,	   2014).	   The	  
importance	   of	   Erk1	   and	   Erk2	   in	   T	   cells	   is	   explained	   by	   their	   ability	   to	   phosphorylate	  
transcription	   factors	   related	   with	   the	   T	   cell	   effector	   function.	   For	   example,	   activated	   Erk	  
translocates	  into	  the	  nucleus	  where	  it	  phosphorylates	  a	  variety	  of	  transcription	  factors	  such	  
as	  Fos	  and	  STAT3	   (signal	   transducer	  and	  activator	  of	   transcription	  3),	  which	  are	   important	  
for	  the	  effector	  functions	  of	  T	  cells	  (Wagner	  &	  Eferl,	  2005).	  	  
On	  the	  other	  hand,	  IP3	  is	  responsible	  for	  the	  release	  of	  Ca2+	  from	  the	  endoplasmic	  reticulum	  
to	   the	   cytosol.	   This	   event	   produces	   rapid	   increments	   in	   the	   intracellular	   concentration	   of	  
Ca2+	   to	   above	  400	  nM	  but	   this	   returns	   to	   the	  baseline	  of	   70	  nM	   in	  100	   sec	   (Lewis,	   2001).	  
When	   Ca2+	   levels	   increase	   in	   the	   cytosol,	   they	   activate	   ubiquitous	   Ca2+	   sensors	   such	   as	  
calmodulin	  thereby	  inducing	  the	  activation	  of	  the	  phosphatase	  Calcineurin	  and	  CaMK	  (Ca2+	  
calmodulin-­‐dependent	   kinase)	   (Gwack,	   Feske,	   Srikanth,	   Hogan,	   &	   Rao,	   2007).	   Then,	  
calcineurin	   activates	   NFAT	   by	   de-­‐phosphorylation,	   inducing	   to	   its	   translocation	   to	   the	  
nucleus	   where	   it	   associates	   with	   a	   diversity	   of	   other	   transcription	   factors	   that	   modulate	  
gene	  expression	  depending	  on	  the	  context	  of	  the	  TCR	  signal.	  For	  instance,	  elevated	  levels	  of	  
intracellular	  Ca2+	  induce	  the	  formation	  of	  NFAT/AP-­‐1	  which	  enhance	  the	  expression	  of	  IL-­‐2,	  
an	   important	   intermediary	   for	   the	   effector	   functions	   on	   T	   cells	   (Hermann-­‐Kleiter	  &	   Baier,	  
2010).	  The	  activation	  of	  NFAT	   in	  mice	  deficient	  of	  AP-­‐1	   (Activator	  protein	  1)	   induces	  T	  cell	  
anergy	  where	  the	  production	  of	  IL-­‐2	  is	  abrogated	  (Fathman	  &	  Lineberry,	  2007)	  	  
1.3	  Differentiation	  into	  effector	  T	  cells.	  	  
When	   naïve	   CD8+	   T	   cells	   encounter	   their	   cognate	   antigen,	   they	   differentiate	   to	   effector	   T	  
cells.	  CD8+	  T	  cells	  that	  trigger	  tumour	  rejection	  can	  be	  categorised	  into	  different	  subgroups	  
of	  T	  cells	  based	  on	  their	  differentiation	  state.	  It	  is	  widely	  accepted	  that	  CD8+	  T	  cells	  follow	  a	  
multistep	   pathway	   of	   differentiation	   from	   naïve	   T	   cells	   into	   effector	   T	   cells	   and	   then	  
afterwards	  into	  memory	  T	  cells	  (Gattinoni	  et	  al.,	  2011).	  In	  this	  way,	  CD8+	  T	  cells	  pass	  through	  
four	  different	   stages	   to	  become	  stable	  memory	  T	   cells	   that	   include	  1)	  activation;	  2)	   clonal	  
expansion	   and	   acquirement	   of	   effector	   cell	   function;	   3)	   reduction	   by	   apoptosis	   and	   4)	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formation	   of	   a	   stable	  memory	   population	   (Stromberg,	   Antia,	  &	  Nemenman,	   2013)	   (Figure	  
1.3).	   Each	  of	   these	   four	   stages	   is	  highly	  dependent	  on	   the	  pro-­‐inflammatory	  environment.	  
When	   TCR	   binds	   to	   the	   antigen,	   naïve	   T	   cells	   experience	   a	   rapid	   expansion	   where	   they	  
proliferate	   up	   to	   10	   rounds	   of	   cell	   division	   per	   day	   (Marchingo	   et	   al.,	   2014).	   At	   day	   7	   of	  
expansion,	  naïve	  T	  cells	  acquire	  the	  properties	  of	  effector	  T	  cells,	  and	  this	   is	   followed	  by	  a	  
rapid	  reduction	  of	  the	  population	  (contraction).	  Over	  the	  next	  months,	  a	  handful	  of	  T	  cells	  
survive	  and	  obtain	  phenotypic	  and	  functional	  proprieties	  of	  memory	  T	  cells.	  After	  pathogen	  
clearance,	  memory	  T	  cells	  can	  persevere	  for	  a	  long	  term	  at	  low	  frequencies,	  ready	  to	  induce	  
defensive	  immune	  responses	  in	  case	  of	  a	  recurrent	  pathogen.	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
Figure	  1.3:	  	  Naïve	  T	  cells	  differentiate	  to	  effector	  T	  cells	  through	  different	  stages.	  Schematic	  
illustration	   of	   a	   typical	   CD8+	   T	   cells	   response	   to	   a	   pathogen.	  When	  naïve	   T	   cells	   find	   their	  
cognate	  antigen,	   they	  experience	  a	   clonal	   expansion	  and	  differentiation	   to	  effector	  T	   cells,	  
which	   are	   able	   to	   eliminate	   the	   pathogen.	   Following	   elimination	   of	   the	   pathogen,	   some	   T	  
cells	  die	  due	  to	  apoptosis	  (contraction),	  some	  survive	  and	  differentiate	  into	  memory	  T	  cells	  to	  
ensure	  long-­‐term	  protection	  against	  the	  pathogen.	  Reproduced	  from	  (Stromberg	  et	  al.,	  2013)	  	  	  	  	  	  	  	  
IL-­‐2,	   originally	   named	   T-­‐cell	   growth	   factor,	   is	   a	   potent	   cytokine	   that	   enhances	   T	   cell	  
proliferation	  and	  differentiation	  in-­‐vitro	  (P.	  Wong	  &	  Pamer,	  2004)	  and	   in-­‐vivo	  (Kamimura	  &	  
Bevan,	  2007).	  Thus,	  IL-­‐2	  is	  a	  crucial	  component	  for	  antigen-­‐driven	  clonal	  expansion	  of	  T	  cells.	  
Activated	   T	   cells	   produce	   IL-­‐2	   and	   it	   is	   secreted	   particularly	   by	   CD4+	   T	   cells	   in	   order	   to	  
achieve	   their	   effector	   function	   of	   ‘helping’	   CD8+	   T	   cells	   (Bachmann	   &	   Oxenius,	   2007).	  
Furthermore,	   IL-­‐2	  has	   a	   key	   role	   in	   the	  differentiation	  of	   naïve	   T	   cells	   into	  effector	   T	   cells	  
(Cho	  et	  al.,	  2007)	  as	  well	  as	  further	  differentiation	  into	  memory	  T	  cells	  (Feau,	  Arens,	  Togher,	  
&	  Schoenberger,	  2011).	  IL2	  binds	  to	  a	  receptor	  that	  contains	  three	  subunits,	  IL-­‐2Rα	  (CD25),	  
IL-­‐2Rβ	   (CD122),	   and	   γc	   (CD132)	   (Malek	   &	   Castro,	   2010).	   These	   subunits	   are	   expressed	  
differently	   depending	   on	   the	   cell	   type	   and	   based	   on	   how	   they	   are	   assembled	   in	   different	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Figure 1. Schematic illustration of a typical CD8 T cell response to
an infection. The plot shows the enormous changes in numbers of
pathogen-specific CD8 T cells during the course of infection, as
well as changes in cell phenotype. The response has three phases
which correspond to population expansion, contraction and stability.
Differentiation results in changes in the phenotype of cells from
naive to effector and memory. Typically this type of a response is
described by ordinary differential equ tions that govern changes in
populations of cells having naive, effector and memory phenotypes.
immune response [2–4]. In these models cells are restricted to
a few distinct phenotypes with division, death, and transition
rates between the phenotypes to describe the dynamics.
The models typically ignore how the systems biology on
the cellular scale governs the rate laws in the mod ls on the
population scale. While such models have proven u eful in
addressing a number of population level questions, they have
their limitations. For the approach to work well, phenotypic
states must be well resolved and the transitions between them
must be rapid.
Figure 2 presents data capturing the dynamics of T cells
obtained via flow cytometry. This figure shows the density of
CD8 T cells following a yellow fever vaccination plotted as
a function of two surface expressed molecules (CD45RA, a
signaling molecule that regulates antigen receptor signaling,
and CCR7, a molecule which aids in trafficking of T cells
to lymph-nodes) [5]. The population gradually transitions
from CD45RA low to high during the contraction and
memory phases. This figure illustrates one problem with ODE
models of multicellular population dynamics: how does one
unambiguously partition data into distinct phenotypes when
there is considerable heterogeneity or gradual transitions?
This ambiguity gives rise to subjectivity and quantitative
disagreement between labs in the analysis of immunological
data [6].
The flow of populations as they differentiate (figure 2) is
governed largely by the systems biology of the cells [7–9].
(While the term systems biology has been used very broadly,
in this paper we adopt the most common usage, referring to
models of chemical reaction networks typically within single
cells or homogeneous cell cultures [10].) Typical systems
biology models consist of ODEs or stochastic differential
equations that model reaction rates between chemical species,
providing a finer resolution of phenotypic states.
While population models loose accuracy in not
considering the chemical scale, systems biology models
have contrasting limitations resulting from omission of the
population dynamics. Typically, the analysis and parameter
estimation of differentiating populations has been performed
on time scales where division is negligible [11]. On longer
time scales, population dynamics and systems biology are
coupled and must be considered together. The expression
levels of gene products control cell division and death rates. In
their turn, cell division and death rates change the number
of cells in various phenotypic states and hence shape the
expression profiles of populations. Additionally the process
of cell division dilutes expression and can generate spurious
correlations between expressed chemicals. Clearly, modeling
immune system dynamics requires an integrated approach,
combining population dynamics and systems biology.
One way to do this is to conceptualize each flow cytometry
data set as samples from a density in a multidimensional
cellular configurational space, where each dimension denotes
the quantity of a specific chemical. Individual cells would
trace out trajectories in this configurational space as they
differentiate. Unfortunately in vivo single cell longitudinal
data is difficult to obtain, and for dividing cells the term
longitudinal is undefined. Thus instead of tracking cells over
time, one can focus on tracking populations, or distributions
of cells in the configurational space. This can be done using
partial differential equations (PDEs) and related mathematical
concepts, an approach gaining popularity in theoretical
immunology [12–14]. We refer to the dynamics of chemical
expression (gene, protein, metabolite, etc) in a dynamic
population as the population-expression, and models of the
population-expression as population-expression models.
Days post vaccination
11 14 30 90
CD45RA
CCR7
Figure 2. The differentiation of human CD8 T cells following yellow fever vaccination. These flow cytometry plots show the population of
antigen specific CD8 T cells (red) responding to the vaccination differentiating from CD45RA negative to positive while expanding and then
contracting in number. This transition is associated with the transition from effector memory to central memory. Reproduced with
permission from [5] (copyright 2009. The American Association of Immunologists, Inc.).
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combination	  they	  form	  receptor	  complexes	  with	  different	  affinities	  for	  the	  IL-­‐2.	  For	  instance,	  
IL-­‐2	   binds	   with	   high	   affinity	   to	   a	   complex	   that	   contain	   all	   the	   three	   subunits.	   Thus,	   the	  
interaction	  of	  IL-­‐2	  with	  its	  receptor	  induces	  a	  diversity	  of	  receptor	  complexes	  where	  the	  final	  
outcome	   is	   the	   activation	   and	   recruitment	   of	   Janus	   kinase	   (JAK)-­‐3	   and	   JAK1.	   Following	  
stimulation	   by	   IL2,	   JAK	   kinases,	   which	   are	   recruited	   to	   receptors,	   phosphorylate	   tyrosine	  
residues	  on	  STAT	  proteins.	  After	  tyrosine	  phosphorylation,	  the	  activated	  STATs	  dimerise	  and	  
translocate	   into	   the	   nucleus	   where	   they	   regulate	   gene	   expression	   related	   to	   the	   effector	  
function	  of	  T	  cells	   (Murray,	  2007).	  The	  presence	  of	   IL2	  also	  promotes	  alternative	  signalling	  
pathways	  through	  activation	  of	  adaptor	  proteins	  such	  Grb2	  (Growth	  factor	  receptor-­‐bound	  
protein	  2).	  This	  adaptor	  protein	  can	  recognise	  phosphorylated	  tyrosine	  residues	  on	  the	   IL2	  
receptor,	   which	   in	   turn	   are	   able	   to	   interact	   with	   other	   proteins	   through	   recognising	   Src	  
homology	  -­‐2	  or	  Src	  homology	  -­‐	  3	  domains.	  In	  this	  way	  Grb2	  induces	  signalling	  transduction	  
through	  the	  Ras-­‐Raf-­‐MAP	  kinase	  pathway	  (Arnaud,	  Crouin,	  Deon,	  Loyaux,	  &	  Bertoglio,	  2004).	  	  
The	  expression	  of	  molecular	  markers	  on	  T	   cells	   has	  been	  used	  as	   a	   tool	   to	  determine	   the	  
differentiation	   stage	   of	   T	   cells.	   For	   instance,	   CD69	   is	   expressed	   by	   T	   cells	   that	   have	  
encountered	   cognate	   antigen	   during	   the	   expansion	   phase	   (E.	   Y.	   Zhang,	   Parker,	   &	   Yankee,	  
2011).	  CD44	  and	  CD25	  are	  upregulated	  by	  activated	  T	  cells	  and	  they	  are	  markers	  of	  effector	  
T	   cells.	   The	  upregulation	  of	  CD62-­‐L	   is	   characteristic	   of	  memory	  T	   cells.	   These	  markers	  not	  
only	  determine	  the	  level	  of	  differentiation	  of	  T	  cells	  but	  also	  their	  localisation	  into	  different	  
compartments	  in	  the	  body.	  	  
CD69	   is	   a	   C-­‐type	   lectin	   surface	   receptor	   and	   its	   natural	   ligand	   is	   still	   unknown.	  Upon	   TCR	  
activation	   there	   is	   a	   quick	   expression	   of	   CD69.	   CD69	   has	   been	   considered	   to	   be	   an	   early	  
marker	   for	   T	   cell	   activation	   (Radulovic	   et	   al.,	   2013).	   It	   has	   been	   shown	   that	   after	   TCR	  
activation,	  Erk	  and	  NF-­‐kB	  translocate	  to	  the	  nucleus	  thereby	  upregulating	  the	  expression	  of	  
CD69	   (Gupta,	   Marcel,	   Sarin,	   &	   Shivashankar,	   2012).	   On	   the	   other	   hand,	   CD69	   plays	   the	  
crucial	  role	  of	  T	  cell	  homing	  and	  retention	  in	  both	  lymph	  nodes	  and	  non-­‐lymphoid	  organs	  as	  
well.	  For	  instance,	  sphingosine	  1-­‐phosphate	  receptor	  type	  1	  (S1P1)	  is	  involved	  in	  naïve	  T	  cell	  
emigration	   from	   the	   lymph	   node,	   whereas	   CD69	   expression	   decreases	   S1P1	   function	   and	  
prolongs	   the	   retention	   of	   activated	   T	   cells	   in	   the	   lymph	   node	   (Shiow	   et	   al.,	   2006).	  
Furthermore,	  CD69	   is	  also	   important	   for	   the	  migration	  and	  retention	  of	  CD8+	  T	  cells	   in	  the	  
lungs	   (Teijaro	  et	   al.,	   2011),	   the	  gut	   (N.	   Zhang	  &	  Bevan,	  2013)	   and	   the	   skin	   (Mackay	  et	   al.,	  
2013).	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CD44	  is	  a	  surface	  glycoprotein	  that	  binds	  to	  hyaluronic	  acid	  (HA),	  a	  common	  component	  of	  
the	  extracellular	  matrix	  (ECM). On	  activated	  T	  cells,	  CD44	  can	  regulate	  crawling	  and	  rolling	  
interactions	   with	   vascular	   endothelial	   cells	   that	   express	   HA	   (DeGrendele,	   Estess,	   &	  
Siegelman,	   1997).	   After	   TCR	   activation	   there	   is	   an	   early	   upregulation	   of	   CD44.	   Once	  
upregulated,	   CD44	   expression	   is	   maintained	   by	   effector	   T	   cells,	   which	   promotes	   T	   cell	  
extravasation	   into	   inflammatory	   sites.	   Thus,	   CD44	   is	   the	   most	   widely	   used	   marker	   for	  
distinguishing	   antigen-­‐exposed	   cells	   (CD44high)	   from	  naïve	   cells	   (CD44low)	   (Mummert	   et	   al.,	  
2002).	  
CD62L	  belongs	  to	  the	  selectin	  adhesion	  receptor	  family	  necessary	  for	  lymphocyte	  homing	  to	  
lymph	   nodes.	   Peripheral	   node	   addressins	   are	   the	   ligands	   for	   CD62L	   and	   they	   are	   highly	  
expressed	   in	   the	   high	   endothelial	   venules.	   CD62L	   is	   considered	   to	   be	   a	  marker	   of	   naïve	   T	  
cells	  and	  further	  differentiates	  central	  memory	  (Tcm,	  CD62L+)	  from	  effector	  memory	  (Tem,	  
CD62L−)	  T	  cells	  (Hu	  &	  August,	  2008).	  When	  naïve	  T	  cells	  arrive	  at	  lymph	  nodes,	  they	  become	  
activated	   by	   antigen	   presenting	   cells	   (APC)	   and	   upon	   activation,	   CD62L	   is	   cleaved	   by	  
metalloproteases	   (S.	   Yang,	   Liu,	   Wang,	   Rosenberg,	   &	   Morgan,	   2011).	   Following	   antigen-­‐
activation,	   T	   cells	   can	   emigrate	   from	   the	   lymph	   nodes	   and	   re-­‐enter	   the	   circulation	  where	  
they	  can	  employ	  their	  helper	  or	  effector	  functions	  (S.	  Yang	  et	  al.,	  2011).	  	  
As	   stated	   before,	   CD62L	   is	   a	   suitable	   surface	  marker	   for	   discriminating	   between	   Tcm	   and	  
Tem.	   Both	   population	   subsets	   have	   distinct	   homing	   capacities	   after	   recognition	   of	   the	  
antigen	   and	   TCR	   activation.	   Tem	   cells	   primarily	   migrate	   to	   non-­‐lymphoid	   tissues	   and	  
inflammation	   sites,	   whereas	   Tcm	   cells	   have	   the	   capacity	   to	   migrate	   to	   peripheral	   lymph	  
nodes	  (Chang,	  Wherry,	  &	  Goldrath,	  2014).	  	  	  
T	   cell	  morphology	   is	   a	   useful	   parameter	   to	   discriminate	   between	   naïve	   T	   cells	   from	  well-­‐
differentiated	   effector	   T	   cells.	   Classically,	   T	   cells	   from	   peripheral	   blood	   vessels	   are	  
characterised	   as	   having	   a	   poorly	   polarised	   round	   shape.	   Upon	   naïve	   T	   cells	   encountering	  
their	  antigen,	  they	  differentiate	  to	  effector	  T	  cells	  where	  they	  have	  a	  different	  morphology	  
that	  allows	   them	  to	  migrate	  efficiently	   in	  any	  kind	  of	   tissue.	  Thus,	  effector	  T	  cells	  have	  an	  
amoeboid-­‐like	  shape	  where	  they	  have	  a	   leading	  edge	  at	   the	  front	  of	   the	  cell	  and	  a	  trailing	  
edge	  at	  the	  rear.	  This	  polarised	  conformation	  is	  highly	  dependent	  of	  the	  organisation	  of	  the	  
actomyosin	   cortex	   that	   is	   driven	   mainly	   by	   the	   activation	   of	   the	   TCR.	   Therefore,	   the	  
differentiation	   towards	   effector	   T	   cells	   is	   an	   important	   event,	   especially	   as	   they	   have	   to	  
navigate	  complex	  environments	  whilst	  they	  are	  seeking	  for	  antigens.	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1.4	  General	  description	  of	  motile	  T	  cells	  	  
T	  cells	  are	  highly	  motile	  cells	   that	  can	   reach	  speeds	  of	  around	  7	  μm/min	   (Samstag,	  Eibert,	  
Klemke,	  &	  Wabnitz,	  2003).	  T	  cells	  constitutively	  circulate	  from	  the	  blood	  stream	  to	  lymphoid	  
organs	   in	   a	   process	   named	   T	   cell	   homing.	   T	   cells	   have	   an	   amoeboid-­‐like	  migration,	  which	  
displays	   a	   polarised	  morphology	  with	   three	   distinct	   compartments:	   a	   leading	   edge	   at	   the	  
front,	   followed	  by	   the	  main	  cell	  body	  with	   the	  nucleus	  and	   the	   trailing	  edge,	   consisting	  of	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
the	  uropod,	  a	  narrow	  cytoplasmatic	  projection	  at	  the	  rear	  of	  the	  cell	  (Weninger,	  Biro,	  &	  Jain,	  
2014).	   The	  migration	   behaviour	   of	   T	   cells	   has	   been	   characterised	   as	   a	  multistep	   process,	  
with:	  first,	  the	  development	  of	  membrane	  protrusions	  driven	  by	  actin	  polymerisation	  at	  the	  
leading	   edge;	   second,	   the	   formation	   of	   new	   adhesion	   sites	   at	   the	   leading	   edge,	   which	  
involves	  the	  expression	  of	  adhesion	  molecules	  such	  as	  integrins	  and	  actin-­‐binding	  proteins;	  
third,	  the	  translocation	  of	  the	  cell	  body	  towards	  the	  direction	  of	  the	  leading	  edge	  driven	  by	  
myosin-­‐based	  motor	   proteins	   along	   actin	   filaments	   resulting	   in	   a	   displacement	   of	   the	   cell	  
body,	  and;	  finally,	  detachment	  and	  retraction	  of	  the	  rear	  part	  of	  the	  cell	  (Yoshida	  &	  Soldati,	  
2006)	  (Friedl,	  Borgmann,	  &	  Brocker,	  2001).	  
The	  actin	  polymerisation	  and	  depolymerisation	  processes	  are	  highly	   regulated	   in	  T	   cells	   in	  
order	  to	  enable	  their	  capacity	  to	  migrate	  into	  different	  compartments,	  which	  is	  crucial	  for	  an	  
adequate	  adaptive	  immune	  response.	  Migration	  of	  effector	  T	  cells	  is	  characterised	  as	  having	  
a	   dynamic	   and	   plastic	   actin	   polymerisation.	   In	   this	   process,	   new	   actin	   filaments	   are	  
assembled	   at	   the	   leading	   edge	   of	   the	  membrane	   but	   is	   also	   dis-­‐assembled	   in	   sites	  where	  
they	  are	  no	   longer	  needed	   (Friedl	  et	  al.,	  2001).	  Therefore,	   it	   is	  necessary	   to	  maintain	  high	  
levels	  of	  monomeric	  actin	  that	  can	  be	  used	  at	  a	  specific	  time	  and	  place	  during	  the	  migration	  
process.	   To	   avoid	   spontaneous	   actin	   polymerisation	   in	   undesirable	   regions,	   resting	   T	   cells	  
express	   different	   types	   of	   actin-­‐binding	   proteins	   that	   interfere	   with	   incorporation	   of	  
monomeric	   actin	   into	   actin	   filaments.	   Profilin	   and	   thymosin-­‐β4	   are	   the	  most	   common	   G-­‐
actin	   binding	   proteins	   in	   leukocytes,	   which	   modulate	   the	   actin	   polymerisation	   dynamics	  
(Xue,	   Leyrat,	   Grimes,	  &	   Robinson,	   2014).	   Profilin	   binds	  with	   higher	   affinity	   to	   ATP-­‐G-­‐actin	  
(Kd=0.1μM)	   than	   to	   ADP-­‐G	   actin	   (Kd=0.5	   μM)	   thereby	   sequestering	   free	   ATP	   G-­‐actin	  
monomers	  and	  inhibiting	  filament	  nucleation.	  Profilin	  also	  binds	  to	  the	  pointed	  ends	  of	  actin	  
filaments,	   promoting	   actin	   polymerisation	   at	   the	   growing	   end.	   Thymosin-­‐β4	   has	   similar	  
functions	   as	   profilin	   in	   sequestering	   G-­‐actin	   and	   thereby	   inhibits	   the	   actin	   polymerisation	  
process.	  Therefore,	  in	  the	  absence	  of	  a	  stimulus	  in	  T	  cells,	  the	  G-­‐actin	  binding	  proteins	  avoid	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spontaneous	  actin	  polymerisation	  and	  promote	  the	  localised	  assembly	  of	  actin	  filaments	  at	  
the	  leading	  edge.	  	  
As	  described	  above,	  motile	  T	  cells	  require	  high	  plasticity	  in	  the	  polarisation	  of	  the	  filaments	  
of	   actin.	   In	   resting	   conditions,	   T	   cells	   migrate	   randomly	   in	   order	   to	   screen	   for	   cognate	  
antigens.	   In	   the	   absence	   of	   antigen,	   the	   interaction	   between	   an	   antigen-­‐presenting	   cell	  
(APC)	   and	   a	   T	   cell	   triggers	   a	   weak	   signal	   through	   the	   TCR	   that	   is	   not	   enough	   for	   T	   cell	  
activation	   but	   is	   sufficient	   to	   induce	   migration	   arrest	   (Ma,	   Janmey,	   &	   Finkel,	   2008).	   The	  
initial	  interaction	  between	  T	  cells	  and	  APC	  induces	  actin	  polymerisation	  and	  it	  is	  necessary	  to	  
spread	  the	  leading	  edge	  in	  order	  to	  increase	  the	  contact	  area	  with	  the	  APC	  (Ma	  et	  al.,	  2008).	  
At	   this	   point,	   as	   the	  membrane	   spreads	   along	   the	   target	   cell,	   the	   TCRs	   are	   located	   in	   the	  
periphery.	   In	   this	   context,	   actin	   polymerisation	   is	   required	   to	   drive	   T	   cell	   membrane	  
movement	   to	  other	   sites	   in	   the	  APC	   in	  order	   to	   screen	   for	  cognate	  antigens	   (Choudhuri	  &	  
Dustin,	   2010).	   Previous	   studies	   have	   shown	   that	   this	   interaction	   is	   unstable	   and	   that	   the	  
duration	  of	  contact	   is	  around	  20	  minutes	   (Mempel	  et	  al.,	  2006).	   If	  T	  cells	  do	  not	   find	  their	  
respective	  antigens	  during	  the	  screening,	  they	  detach	  and	  are	  released	  to	  interact	  with	  other	  
APCs	  (Mempel	  et	  al.,	  2006).	  When	  T	  cells	  find	  a	  cognate	  antigen,	  there	  is	  a	  reduction	  of	  cell	  
mobility	  in	  order	  to	  interact	  with	  the	  respective	  target.	  This	  phenomenon	  is	  widely	  known	  as	  
the	   TCR	   stop	   signal.	   In	   this	   context,	   T	   cell	   activation	   modifies	   the	   behaviour	   of	   actin	  
polymerisation	  and	  depolymerisation.	  This	  process	  is	  induced	  by	  the	  recognition	  of	  a	  specific	  
antigen	  by	   the	  TCR,	  and	   the	  co-­‐stimulatory	   signals	   that	   collaborate	   to	   fully	  activate	  T	   cells	  
(Cernuda-­‐Morollon,	  Millan,	  Shipman,	  Marelli-­‐Berg,	  &	  Ridley,	  2010).	  TCR	  stimulation	  triggers	  
a	  signaling	  pathway,	  which	  promotes	  the	  rearrangement	  of	  the	  actin	  filament	  into	  a	  steady	  
form.	  Compared	  with	  T	  cells	  in	  resting	  conditions,	  activated	  T	  cells	  have	  actin	  in	  a	  polarised	  
form	  with	   low	   levels	   of	   G-­‐actin	  monomers	   (Friedl	   et	   al.,	   2001).	   Actin	   filaments,	   adhesion	  
molecules	   and	   co-­‐stimulatory	   molecules	   are	   polarised	   in	   the	   immunological	   synapse,	  
thereby	   enhancing	   cell-­‐cell	   interaction	   and	   T	   cell	   activation.	   	   Mouse	   models	   show	   the	  
interaction	   between	   T-­‐cell	   /	   target	   cell	   can	   take	  more	   than	   6	   hours	   to	   fully	   eliminate	   the	  
targets	  (Mempel	  et	  al.,	  2006).	  	  	  	  	  	  	  	  
However,	   several	   studies	   have	   shown	   that	  mobility	   reduction	   in	   T	   cells	   can	   occur	  without	  
loading	  antigen	   from	  APC	  or	   target	   cells.	   TCR	  activation	  by	   itself	   is	   sufficient	   for	   triggering	  
actin	   polymerisation	   and	   reducing	   T	   cell	   mobility.	   T	   cell	   activation	   by	   anti	   CD3	   antibody	  
induces	   the	   expression	   of	   adhesion	   molecules	   that	   enhance	   cell	   contact	   for	   its	   ligand,	  
thereby	  reducing	  cell	  mobility	  (Schneider	  et	  al.,	  2006).	  For	  example,	  resting	  T	  cells	  have	  high	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mobility	   in	  plates	  coated	  with	   ICAM-­‐1	  (Intercellular	  Adhesion	  Molecule-­‐1),	  a	  major	  cell-­‐cell	  
adhesion	  ligand	  of	  lymphocytes.	  Activated	  T	  cells	  promote	  expression	  of	  LFA-­‐1	  (Lymphocyte	  
function-­‐associated	   antigen-­‐1),	   which	   binds	   to	   ICAM-­‐1.	   In	   this	   scenario,	   activated	   T	   cells	  
undergo	  a	  reduction	  in	  their	  motility	  caused	  by	  a	  higher	  interaction	  with	  the	  ligand	  (ICAM-­‐1).	  	  
TCR	   stimulation	   induces	   activation	   of	   the	   Src	   family	   tyrosin	   kinases	   p56Lck	   and	   p59Fyn,	  
which	   also	   phosphorylate	   domains	   on	   CD3	   and	   TCR.	   These	   phosphorylated	   domains	   are	  
recognised	  by	  Src	  homology	  (SH)	  2	  domains	  of	  spleen	  tyrosine	  kinase	  (Syk)	  and	  ZAP-­‐70.	  The	  
recruitment	  and	  activation	  of	  these	  kinases	  induces	  phosphorylation	  of	  a	  number	  of	  adapter	  
proteins	   that	   are	   involved	   in	   several	   signaling	   pathways,	   including	   among	   others	   the	  
reorganisation	  of	  the	  cytoskeleton.	  SLP-­‐76	  is	  an	  adaptor	  protein	  that	   is	   involved	  in	  the	  TCR	  
signaling	  pathway	  and	  plays	  a	  role	  in	  actin	  polymerisation.	  It	  participates	  in	  the	  recruitment	  
of	   guanine-­‐nucleotide	   exchange	   factors	   (GEFs)	   such	   as	   Vav	   and	   Nck,	   which	   are	   directly	  
involved	  in	  remodelling	  actin	  fibres	  (Figure	  1.4).	  	  
	  	  	  	  	  	  	  	   	  
Figure	   1.4:	   TCR	   activation	   induces	   actin	   reorganisation.	   The	   ligation	   of	   TCR	   and	   its	  
respective	   cognate	  antigen	   triggers	   the	  activation	  of	   signaling	  pathways	  where	  one	  of	   the	  
best	   characterised	   outcomes	   is	   the	   polymerisation	   of	   actin	   filaments.	   Vav	   and	   Nck	   are	  
intermediaries	   of	   the	   TCR	   signaling	   pathway	   and	   directly	  modify	   the	   organisation	   of	   actin	  
through	   the	  activation	  of	  Rho-­‐GTPases	  proteins	   such	  as	  Cdc42	  and	  Rac1.	  Reproduced	   from	  
(Burkhardt,	  Carrizosa,	  &	  Shaffer,	  2008)	  	  
Vav	   is	   considered	  an	   important	   link	  between	  TCR	  activation	  and	   the	   reorganisation	  of	   the	  
cytoskeleton	  (Beemiller	  &	  Krummel,	  2010).	  Vav	  has	  DBL-­‐homology	  (DH)	  domains	  that	  allow	  
interaction	  with	  small	  Rho-­‐GTPases	  proteins	  (Rho,	  Rac	  and	  Cdc42)	  that	  are	  involved	  in	  actin	  
polymerisation.	  These	  GTPases	  are	  found	  in	  two	  inter-­‐convertible	  states,	  namely	  an	  inactive	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Figure 2
Simplified model of signaling pathways linking TCR signaling to actin remodeling. Encounter of an
APC induces a signaling cascade comprised of tyrosine kinases (dark green), adaptor proteins (light green),
and immediate upstream actin-regulatory proteins (dark blue). The latter transduce signals to several
nucleation-promoting factors (red ) that direct the polymerization of branched actin filaments at sites of
TCR engagement. Engagement of costimulatory molecules leads to activation of proteins that sever actin
filaments (dark brown), creating new barbed ends as substrates for filament growth. Signals emanating
from the TCR also lead to transient dephosphorylation and rephosphorylation of ERM proteins (orange),
which direct the localization of transmembrane and cytoplasmic proteins (light blue) to cortical actin
filaments at the distal pole complex (DPC). Also localized to the DPC are proteins containing PDZ
(PSD-95/Discs large/ZO-1) domains ( purple), which form a network at this site. Question marks indicate
the unknown mechanisms by which actin remodeling leads to IL-2 promoter activation and other
changes in gene expression.
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GDP-­‐bound	  state	  and	  an	  active	  GTP-­‐bound	  state.	  GEFs	  promote	  the	  active	  state	  of	  GTPases	  
by	   changing	   the	   guanine	   nucleotide	   from	  GDP	   to	  GTP.	   Interactions	   between	  GTPases	   and	  
their	   effectors	   mediate	   distinct	   changes	   in	   actin	   polymerisation	   (Biro	   et	   al.,	   2014).	   For	  
example,	  Rho	  activates	   formins	  and	   the	  actin-­‐related	  protein	   (ARP)	  2/3	  complex	   triggering	  
nucleation	  of	  actin	  filaments.	  It	  has	  also	  been	  shown	  that	  Rac	  and	  Cdc42	  are	  involved	  in	  the	  
formation	  of	  complex	  structures	  of	  actin	  filaments,	  including	  the	  generation	  of	  networks	  and	  
bundles.	  Nck	  is	  another	  adapter	  molecule,	  which	  is	  activated	  by	  SLP-­‐76.	  Nck	  is	  composed	  of	  
three	  SH3	  domains	  and	  an	  SH2	  domain	  that	  allow	  the	  interaction	  with	  p21-­‐activated	  kinase	  
(PAK1)	   and	  Wiskott-­‐Aldrich	   syndrome	   protein	   (WASP),	   which	   both	   bind	   to	   activated	   Rho-­‐
GTPases	  (Pauker,	  Reicher,	  Fried,	  Perl,	  &	  Barda-­‐Saad,	  2011).	   
1.5	  The	  actomyosin	  cortex	  is	  indispensable	  for	  cell	  migration	  	  	  	  
The	  actomyosin	  cortex	  is	  defined	  as	  a	  complex	  of	  proteins	  that	  mainly	  contains	  filaments	  of	  
actin,	  that,	  in	  conjunction	  with	  myosin	  motor	  proteins,	  are	  responsible	  for	  many	  types	  of	  cell	  
locomotion.	   The	   cortex	   derives	   its	   name	   from	   its	   peripheral	   localisation	   in	   cells	   and	   is	  
attached	   to	   the	   inner	   face	   of	   the	   plasma	   membrane	   through	   crosslinkers	   named	   ezrin,	  
radixin	   and	   moesin	   (ERM)	   proteins	   (Carvalho	   et	   al.,	   2013).	   Myosin	   motor	   proteins	   also	  
contribute	  to	  the	  crosslinking	  of	  the	  cortex	  and	  convert	  chemical	  energy	  in	  the	  form	  of	  ATP	  
to	  mechanical	   energy,	   thereby	   producing	   the	   necessary	   force	   to	   induce	  movement.	   Thus,	  
the	  myosin	  proteins	  mediate	  the	  contractile	  force	  of	  the	  cortex	  by	  sliding	  anti-­‐parallel	  actin	  
filaments	   toward	  each	  other.	  The	  mechanical	   force	  generated	  by	   the	  actomyosin	  cortex	   is	  
responsible	  for	  the	  cell	  morphology	  that	  is	  adopted	  in	  a	  particular	  extracellular	  environment.	  
In	  this	  manner,	  the	  cortex	  is	  a	  highly	  dynamic	  structure	  that	  responds	  rapidly	  to	  changes	  in	  
the	  environment,	  enabling	  the	  cells	  to	  adopt	  a	  suitable	  morphology	  (Charras	  &	  Sahai,	  2014).	  
Therefore,	   depending	   of	   the	   complexity	   of	   the	   extracellular	   matrix,	   the	   actomyosin	  
machinery	   is	   modulated	   in	   order	   to	   generate	   different	   migratory	   patterns.	   For	   instance,	  
motile	  cells	  adopt	  different	  morphologies	  depending	  whether	  they	  migrate	  in	  2-­‐dimensional	  
(2D)	  or	  3-­‐dimensional	  (3D)	  contexts	  (Baker	  &	  Chen,	  2012).	  	  	  	  	  	  
The	   activity	   of	   the	   actin	   nucleators	   (Arp2/3	   and	   formins)	   and	   the	  myosin	  motor	   proteins	  
need	   to	   be	   tightly	   regulated	   in	   order	   to	   execute	   an	   adequate	   function.	   Several	   signalling	  
pathways	  have	  been	  discovered	  that	  modulate	  the	  precise	  spatiotemporal	  conformation	  of	  
the	  actomyosin	  cortex.	  The	  family	  of	  small	  Rho	  GTPases	  has	  been	  shown	  to	  play	  an	  essential	  
role	  in	  regulating	  the	  actomyosin	  cortex	  (Vega	  &	  Ridley,	  2008).	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Depending	   on	   the	   cellular	   context,	   the	   activation	   of	   a	   specific	   Rho-­‐GTPase	   determines	   a	  
precise	   actin	   conformation	   that	   is	   transduced	   to	   a	   particular	   type	   of	   protrusion	   such	   as	  
lamellipodia,	  filopodia	  and	  blebs	  that	  define	  the	  mode	  of	  migration	  in	  a	  given	  cell	  type.	  For	  
instance,	  the	  activation	  of	  Rac	  and	  Cdc42	  are	  responsible	  for	  the	  formation	  of	   lamellipodia	  
on	  motile	   mesenchymal	   cells.	   On	   the	   other	   hand,	   the	   RhoA	   /	   ROCK	   signaling	   pathway	   is	  
highly	  active	  at	   the	   rear	  of	  cells	  where	   it	  generates	   the	  contractile	   force	  necessary	   for	   the	  
retraction	  of	  the	  trailing	  edge	  (Biro	  et	  al.,	  2014).	  Nevertheless,	  several	  reports	  have	  shown	  
that	   RhoA	   is	   also	   active	   at	   the	   leading	   edge	   where	   it	   is	   involved	   in	   the	   processes	   of	  
membrane	  ruffling	  and	  lamellipodium	  formation	  (O'Connor	  &	  Chen,	  2013).	  Rho-­‐associated,	  
coiled-­‐coil	   containing	   protein	   kinase	   (ROCK)	   are	   protein	   serine	   /	   threonine	   kinases	   of	   160	  
kDa.	  ROCKs	  phosphorylate	  various	  substrates	   that	  are	   involved	   in	   regulating	  actin	   filament	  
assembly	  and	  contractility,	  such	  as	  myosin	  light	  chain	  kinases	  (MLCK),	  LIM	  kinase,	  and	  ERM	  
proteins.	  In	  non-­‐muscle	  cells,	  phosphorylation	  of	  the	  myosin	  motor	  protein	  II	  has	  a	  key	  role	  
in	  modulating	   actomyosin	   contractibility.	   Phosphorylated	  myosin	   II	   induces	   its	   interaction	  
with	  actin	  and	  thereby	  activates	  myosin	  ATPase	  which	  results	  in	  enhanced	  cell	  contractibility	  
(Riento	  &	  Ridley,	  2003).	  LIM	  kinases	  1	  (LIMK1)	  and	  2	  (LIMK2)	  are	  serine	  /	  threonine	  kinases	  
that	   are	   involved	   in	   the	   regulation	   of	   actin	   dynamics.	   ROCK	   I	   phosphorylates	   LIMK1	   and	  
LIMK2	   on	   threonine	   residues	   and	   increases	   the	   ability	   of	   LIMKs	   to	   activate	   cofilin	   by	  
phosphorylation	   of	   serine	   residues.	   Cofilin	   is	   an	   actin-­‐binding	   protein	   that	   promotes	   the	  
turnover	  of	  actin	  filaments	  by	  depolymerising	  the	  filaments	  (Agnew,	  Minamide,	  &	  Bamburg,	  
1995).	  Thus,	  phosphorylation	  of	  LIMK	  by	  ROCK	   induces	   the	  disassembly	  of	  actin	   filaments,	  
thereby	  increasing	  the	  number	  of	  actin	  monomers	  and	  leading	  to	  an	  increase	  in	  the	  overall	  
number	   of	   shorter	   actin	   filaments.	   Furthermore,	   the	   RhoA/ROCK	   signalling	   pathway	   is	  
responsible	   for	   the	   generation	   of	   blebs	   that	   are	   characteristic	   in	   cells	   that	   have	   an	  
amoeboid-­‐like	  motility	  (Charras	  &	  Paluch,	  2008).	  	  
Blebs	  are	  round	  structures	  that	  protrude	  out	  of	  the	  cell	  membrane	  and	  	  are	  generated	  by	  an	  
increment	  in	  the	  intracellular	  pressure	  due	  to	  the	  actomyosin	  contractibility	  (Kardash	  et	  al.,	  
2010).	   Blebs	   are	   usually	   small	   and	   short-­‐lived	   protrusions	  with	   a	   life	   span	   of	   less	   than	   90	  
seconds.	  It	  has	  been	  thought	  that	  an	  alteration	  of	  the	  balance	  between	  the	  polymerisation	  
of	   actin	   filaments	   and	   myosin	   contractibility	   is	   responsible	   for	   the	   increased	   intracellular	  
pressure.	  For	   instance,	  the	   inhibition	  of	  Arp2/3	  promotes	  the	  generation	  of	  blebs	  (Bergert,	  
Chandradoss,	   Desai,	   &	   Paluch,	   2012).	   Two	   models	   have	   been	   proposed	   to	   explain	   bleb	  
development	  (Figure	  1.5).	  First,	  blebs	  are	  produced	  by	  a	  detachment	  of	  the	  cell	  membrane	  
from	   the	   actin	   cortex	   because	   of	   the	   increased	   pressure	   in	   the	   cytoplasm.	   Second,	   an	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increased	   pressure	   induces	   a	   local	   stress	   in	   the	   actomyosin	   cortex.	   In	   both	   cases	   the	  
cytoplasm	  spreads	  out	  the	  cell	  body	  through	  the	  weak	  point,	  which	  guides	  the	  expansion	  of	  
the	  bled	  (Bergert	  et	  al.,	  2012).	  ERM	  proteins	  are	  considered	  to	  be	  crosslinkers	  of	  filaments	  of	  
actin	  with	  the	  plasma	  membrane	  and	  they	  are	   involved	   in	  the	  development	  of	  blebs.	  ERM	  
proteins	  are	  enriched	  at	  the	  rear	  of	  the	  cells	  and	  reduced	  at	  the	  leading	  edge	  where	  a	  bleb	  is	  
growing	   (Niggli	   &	   Rossy,	   2008).	   Thus,	   the	   absence	   of	   ERM	   proteins	   facilitates	   the	  
detachment	  of	  the	  plasma	  membrane	  from	  the	  cortex.	  In	  addition,	  bleb	  formation	  is	  highly	  
dependent	   on	   actomyosin	   contractility;	   indeed,	   an	   enhancement	   of	   the	   activity	   of	   the	  
actomyosin	  cortex	  induces	  blebs	  in	  cells	  where	  they	  normally	  do	  not	  occur	  (Weiser,	  Row,	  &	  
Kimelman,	  2009).	   	  Bleb	  formation	  seems	  to	  be	  an	  important	  component	  of	  migratory	  cells,	  
however	   it	   is	   still	   unknown	  whether	   blebs	   contribute	   to	   an	   oriented	  migration	   towards	   a	  
particular	  target.	  However,	  it	  has	  been	  shown	  that	  cells	  that	  migrate	  using	  blebs	  respond	  to	  
a	   chemoattractant	   where	   they	   polarize	   the	   generation	   of	   the	   blebs	   toward	   the	   gradient	  
(Zatulovskiy,	  Tyson,	  Bretschneider,	  &	  Kay,	  2014).	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
Figure	   1.5:	   Bleb	   formation.	   An	   increased	   pressure	   in	   the	   cytoplasm	   can	   form	   round	  
protrusions	   on	   the	   plasma	   membrane	   named	   blebs.	   Blebs	   can	   be	   originated	   either	   by	   a	  
detachment	  of	  the	  cell	  membrane	  to	  the	  actomyosin	  cortex	  (left)	  or	  by	  a	  local	  rupture	  of	  the	  
actomyosin	  cortex	  	  (right).	  Reproduced	  from	  (Charras	  &	  Paluch,	  2008).	  	  
Rac,	   on	   the	   other	   hand,	   promotes	   the	   formation	   of	   new	   actin	   filaments	   by	   activating	   the	  
Arp2/3	  complex,	  a	  nucleator	  that	  generates	  daughter	  filaments	  anchored	  on	  and	  at	  angle	  to	  
existing	   filaments	   in	   order	   to	   form	   branched	   actin	   networks	   (Parri	  &	   Chiarugi,	   2010).	   It	   is	  
highly	   involved	   in	   the	   formation	   of	   dendritic	   actin	   networks,	   notably	   observed	   in	  
lamellipodia	   (Figure	   1.6).	   Lamellipodia	   are	   sheet-­‐like	   protrusions	   that	   extend	  mainly	   from	  
the	  leading	  edge	  of	  migrating	  cells.	  Thus,	  myosin	  motor	  contractility	  is	  not	  necessary	  for	  the	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Figure 3 | Generating polarized blebbing. Polarized blebbing can be created either by local detach-
ment of the membrane from the cytoskeleton or by local rupture of the actin cortex. a | A local contrac-
tion of the actomyosin cortex (top left panel, bl ck arrows) can give rise o a local increase in pressure 
(P
local
) when the cytoplasm is very dense. The increased pressure tears the membrane from the cortex, 
resulting in bleb initiation in that location. A similar result can be obtained with a global pressure 
(P
global
) if cortex–membrane linkers are polarized to the rear of the cell (top right panel). A new actin 
cortex forms under the bleb membrane and the old cortex is disassembled, giving rise to a constriction 
in the cortex. The phenomenon can then reiterate. b | A high local stress in the actomyosin cortex 
(black arrows, top left panel) or a local disassembly in the cortex (top right panel) can tear the cortex. 
Cytoplasm flows out of the cell body through the crack, which leads to bleb expansion. A new actin 
cortex reforms and the phenomenon can reiterate. In both images, the dashed line shows the position 
of the leading edge before bleb initiation. 
In both models, an increased concentra-
tion of myosin at the leading edge can 
trigger bleb initiation (FIG. 3). Intriguingly, 
during blebbing motility, myosin motors 
localize to the front of some vertebrate 
cells5,39,46 but to the rear of A. proteus22. 
ROCK1, a regulator of cell contractility, 
also localizes to the rear of motile blebbing 
tumour cells10. Pressure that is generated 
by cortical contractions is needed for bleb 
growth, so the observed differences in 
myosin distribution might reflect differ-
ences in cytoplasmic densities between cell 
types. Indeed, if cytoplasmic components 
(ribosomes, mitochondria, vesicles and the 
cytoskeleton) are tightly packed (resulting 
in an effective cytoplasmic mesh size of 
~30nm), pressure equilibration over the 
whole cell is slower than the timescale of 
bleb growth, and active myosin motors 
need to be localized close to the leading 
edge, where the pressure increase will  
lead to bleb formation48. By contrast, if 
macromolecules are dilute, pressure equili-
brates rapidly and active myosin motors 
can theoretically be localized anywhere on 
the cell cortex49.
How is blebbing translated into movement? 
For blebbing to be translated into move-
ment, cells need to exert a force on the  
ECM and translocate their mass. In lamel-
lipodial motility, cell-body translocation 
is achieved by contraction of the cell rear, 
coupled to adhesion of the lamellipodium  
to the substrate1. As focal adhesions have 
not been investigated in blebbing cells,  
it is unknown how cell-body translocation 
is achieved during blebbing migration. It is 
clear that some form of interaction with the 
ECM is necessary for translocation, which 
could be achieved by weakly adhering to the 
substrate or the surrounding cells (FIG. 4c), 
or by applying forces on the extracellular 
environment perpendicular to the direction 
of movement (FIG. 4d,e).
In the first scenario, the cell forms weak 
adhesions with the substrate50. During 
bleb formation, adhesion proteins in the 
membrane would attach to the ECM and 
integrate with the assembling cortex. Then, 
similar to lamellipodial motility, the cell 
mass would move forward by contraction 
of the cell rear (uropod) and cell–ECM 
adhesions at the rear would detach1. Indeed, 
migrating blebbing Walker carcinosar-
coma cells form loose contacts with the 
substrate30. In embryos, cells migrate over 
other cells and loose transient cell–cell 
contacts have been observed with a contact 
distance that is greater than that of adherens 
or tight junctions15,51. In PGCs, a decrease 
in the expression of the adhesion protein 
E-cadherin coincides with the onset f bleb-
bing52, which suggests that strong cell–cell 
adhesions might actually impede bleb-based 
migration.
The second scenario only applies when 
the cell is slightly compressed between two 
flat substrates or in a 3D network with a 
mesh size that is comparable to the size of 
the cell (FIG. 4d,e). No specific molecular 
adhesion to the substrate is required; the 
compressed cell exerts forces perpendicular 
to the top and bottom substrates (FIG. 4d) 
or ECM fibres (FIG. 4e), and squeezes itself 
forward — a mechanism that is known 
as chimneying53. The cycle starts with the 
nucleation of a bleb at the leading edge. 
The uropod contracts and simultaneously 
the bleb grows, until it makes multiple 
contacts with the substrate and wedges 
itself into place; the cycle can then resume. 
Such migration has been observed in a low 
adhesion subtype of Walker carcinosarcoma 
cells30 and in neutrophils from patients 
with leu ocyte adhesi  deficiency53; when 
plated on coverslips few cells migrate, 
whereas when cells are slightly squeezed 
between two substrates they migrate effi-
ciently. Similarly, the migration of tumour 
cells with downregulated ECM adhesion 
proteins or matrix proteases, which push 
bleb-like protrusions through pores in the 
ECM gel9,10, could result from non-adhesive 
mechanical interactions with the matrix 
coupled to cortical contraction (FIG. 4a,e). 
Further studies that focus on mechanical 
deformations of the ECM network will be 
needed to understand how the leading-edge 
bleb interacts with the environment.
Why do cells use blebbing motility?
Some cell types exclusively use one type 
of protrusion for motility (for example, 
lamellipodia in fish keratocytes54 and blebs 
in zebrafish PGCs5), whereas other cells can 
PERSPECT IVES
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production	   of	   the	   force	   required	   at	   the	   leading	   edge;	   instead	   the	   polymerisation	   of	   actin	  
filaments	   by	   itself	   generates	   an	   intrinsic	   force	   to	   push	   the	  membrane	   forward	   (Ingerman,	  
Hsiao,	  &	  Mullins,	  2013).	  	  	  	  
Cdc42	   is	   known	   to	   control	   filopodia	   formation	   through	   the	   activation	   of	   formins	   (Higgs	  &	  
Pollard,	  2001).	  Formins	  are	  a	  group	  of	  proteins	  that	  are	  involved	  in	  de	  novo	  polymerisation	  
of	   filaments	  of	  actin.	  Filament	  nucleation	  occurs	  by	   the	  association	  of	   two	  G-­‐actins	   that	   in	  
conjunction	  with	  the	  formins	  form	  a	  stable	  complex	  (Pollard,	  2007).	  This	  complex	  allows	  the	  
incorporation	   of	   new	   G-­‐actin	   at	   rates	   exceeding	   100	   subunits	   per	   second	   (Chesarone,	  
DuPage,	  &	  Goode,	  2010).	   In	  this	  manner,	  formins	  are	  responsible	  for	  the	  formation	  of	  thin	  
protrusions	   known	   as	   filopodia	   (Figure	   1.6).	   The	   actin	   filaments	   involved	   in	   this	   structure	  
could	  be	  in	  parallel	  or	  in	  tightly	  bundled	  networks.	  The	  direction	  of	  the	  polymerisation	  of	  the	  
actin	   filament	   is	   orthogonal	   to	   the	   plasma	   membrane	   where	   it	   generates	   a	   spike-­‐like	  
extension	  from	  the	  edge	  of	  the	  cell.	  Filopodia	  are	  also	  observed	  at	  the	  leading	  edge	  together	  
with	  branched	  actin	  networks	  of	  lamellipodia	  and	  they	  contribute	  to	  the	  mechanosensing	  of	  
the	  surrounding	  environment	  (Heckman	  &	  Plummer,	  2013).	  	  
	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Figure	   1.6:	   Actin	   nucleators	   produce	   two	   types	   of	   actin	   conformation.	   Lamellipodia	   are	  
sheet	   like	   protrusions	   that	   are	   generated	   by	   the	   polymerisation	   of	   filaments	   of	   actin	   in	   a	  
breached	  conformation	  driven	  by	  Arp2/3	  (Left).	  Filopodia	  are	  slender	  cytoplasmic	  projections	  
that	  extend	  from	  the	  plasma	  membrane	  and	  are	  generated	  by	  formins.	  Adapted	  from	  (L.	  Luo,	  
2000)	  	  	  	  	  	  	  
The	  intracellular	  localisation	  of	  the	  small	  GTPases	  mentioned	  above	  (RhoA,	  Rac	  and	  Ccd42)	  
determines	  the	  polarisation	  of	  T	  cells	  during	  migration.	  The	  type	  of	  protrusions	  generated	  in	  
T	   cells,	   mainly	   known	   as	   pseudopodia,	   are	   formed	   at	   the	   leading	   edge	   and	   regulate	   the	  
mode	  of	  migration	  in	  these	  cells.	  The	  balance	  between	  actin	  organization,	  the	  activity	  of	  the	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However, technological advances in imaging and genet-
ic manipulation have allowed the routine examination
of the function of candidate genes in dendrite develop-
ment in physiological settings14,29,45–47 and even the
development of forward-genetic screens for the discov-
ery of novel genes that regulate dendrite development48
(L. Luo,unpublished observations).
By expressing dominant-negative and constitutively
active mutants, the functions of Rho, Rac and Cdc42 in
dendrite development have been examined in Purkinje
cells in transgenic mice22, dissociated rat cortical neu-
rons49, Xenopus retinal ganglion cells in retinal explants47
or in vivo29, Xenopus tectal neurons in vivo46, and pyra-
midal neurons in hippocampus slices45. The effects of
expressing different mutant GTPases vary quantitatively
and sometimes qualitatively in different studies, and this
might be due to variations in expression of transgenes,
to the assays used or to the developmental state, which
might determine the basal level of GTPase activity.
However, given the caveat that constitutively active and
dominant-negative mutants sometimes result in similar,
rather than opposite,phenotypes (see above), there is a
general trend (similar to their regulation of axon out-
growth) that Rac and Cdc42 promote dendrite growth
and dynamics, whereas Rho inhibits dendrite growth.
The role of Rho was further supported by genetic analy-
sis of RhoA using null mutations in mosaic Drosophila
brains, in which RhoAmutant neurons overextended
their dendrites14.
Dendrite branches are highly dynamic and might
contribute to the structural basis of neural plasticity.
Indeed, several live imaging studies have shown that Rho
GTPases might regulate the rate of dendrite extension
and retraction, with Rac promoting and Rho inhibiting
dendrite remodelling46,47. Another special feature of
dendrites that might contribute to neural plasticity is
dendritic spines, which are special protrusions that are
the primary sites of excitatory synapses and might be
the basic unit of synaptic integration50.Perturbation of
Rac activity in cerebellar Purkinje cells or hippocampal
pyramidal neurons resulted in a selective effect on the
formation and maintenance of dendritic spines with
minimal effect on dendrite growth and branching22,45,
indicating that regulation of Rac activity might be cru-
cial for the morphological development and plasticity of
dendritic spines.
Neuronal migration
Rho GTPases have been implicated in the regulation of
cell migration in many cell types, from mammalian
fibroblasts during wound healing51 to somatic follicle
cells during Drosophila oogenesis52.Neuronal migra-
tion involving a Rho GTPase was first reported for
C. elegans mig-2 (REF. 34), which encodes a novel subclass
of Rho GTPase. In mig-2 activating mutants, the migra-
tion ofmany cell types was arrested, including neurons,
indicating that hyperactivation might have disrupted
proper signalling. In mig-2 null mutants, however, the
migration of only a small subset of cells was arrested,
indicating that its function may be compensated by
other Rho GTPases34.
Rho-like GTPase mig-2 (migration 2) caused both out-
growth defects and occasional guidance defects34.
Similarly, in Drosophila, expression of dominant-nega-
tive Rac caused motor axon guidance errors at specific
choice points35. In additio , overexpression of domi-
nant-negative Rho or wild-type Cdc42 caused axon
guidance defects in Xenopus laevis retinal ganglion n u-
rons in vivo29. Genetic loss-of-function mutants in GEF
(FIG. 1) for Rho GTPases or downstream effectors (see
below) have been shown to result in axon guidance
defects36–41, further supporting the roles of Rho GTPases
in axon guidance.
What is the relationship between axon growth and
guidance, and how are they both affected by perturba-
tion of Rho GTPases? Previous experiments have shown
that cytochalasin treatment inhibits actin filament
assembly, eliminates filopodia and results in defects in
axon guidance. However, the extension of axons is
affected to different extents, depending on the dose of
cytochalasin and the adhesive nature of the sub-
strates42–44. The effect of GTPase perturbation might be
influenced by interactions between the growth cone and
the substrate27, and by the degree to which GTPases are
perturbed20,35. Another outstanding issue is whether
these GTPases have an instructive or permissive func-
tion in axon guidance. For instance, is Rac essential for
the formation of lamellipodia, which are necessary
structures for the growth cone to be guided (permis-
sive),or does Rac interpret the guidance signal directly
(instructive)? Understanding the signalling pathways of
the Rho GTPases in the growth cone (see below) might
help us to resolve these issues.
Dendrite development and plasticity.Dendrites are
inherently difficult to study because of their morpho-
logical complexity. As a result, our general understand-
ing of the molecular mechanisms that regulate den-
drite growth and branching notably lags behind
analogous studies on axon growth and guidance.
Filopodia
Filopodia
a  Fibroblast b  Neuron growth cone
Lamellipodia
Lamellipodia
Stress
fibres
Crosslinked
actin fibres
Bundled actin 
cables
Figure 2 | Actin-based structures in a fibroblast and a neuronal growth cone. Prominent 
F-actin based structures in (a) a migrating fibroblast and (b) a neuronal growth cone. Red indicates
F-actin-based structures, including filopodia and lamellipodia in both the fibroblast and the
neuronal growth cone, and the stress fibres in the fibroblast.
© 2000 Macmillan Magazines Ltd
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actomyosin	  machinery	  and	  the	  adhesive	  properties	  modulates	  the	  migration	  behaviour	  in	  T	  
cells	  (Weninger	  et	  al.,	  2014).	  For	  instance,	  Rac-­‐1	  and	  Ccd42	  are	  highly	  active	  in	  the	  leading	  
edge	   where	   they	   promote	   actin	   polymerisation	   by	   phosphorylating	   the	   Arp	   2/3	   complex,	  
whereas	   RhoA	   is	   localised	   at	   the	   middle	   of	   the	   cell	   body	   where	   it	   promotes	   myosin	  
contractibility	   (Friedl	   &	   Weigelin,	   2008).	   Thus,	   myosin	   motors	   and	   ERM	   proteins	   are	  
abundant	  in	  the	  rear	  of	  the	  cell	  where	  they	  inhibit	  protrusion	  formation	  thereby	  preserving	  
cell	  polarity	  and	  directionality	  during	  migration	  (Weninger	  et	  al.,	  2014).	  	  	  	  
Aberrant	   activation	   of	   Rho-­‐GTPases	   produces	   anomalies	   in	   the	   immune	   system.	   For	  
instance,	   the	   pharmacological	   inhibition	   of	   ROCK	   kinases	   impairs	   the	   transendothelial	  
migration	  of	  leukocytes	  through	  narrow	  pores	  from	  the	  blood	  vessels	  (Soriano	  et	  al.,	  2011).	  
The	   lack	   of	   myosin	   IIa	   on	   T	   cells	   promotes	   cell	   adhesion	   to	   high-­‐endothelial	   venules	   and	  
remains	   attached	   to	   ICAM-­‐1-­‐coated	   surfaces	   thereby	   reducing	   the	   motility	   in	   these	   cells	  
(Jacobelli	   et	   al.,	   2010).	   On	   the	   other	   hand,	   the	   deficiency	   of	   Rac1	   or	   Rac2	   on	   in	   T	   cells	  
reduces	  their	  capacity	  to	  adhere	  to	  ICAM-­‐1	  which	  impairs	  transendothelial	  migration.	  Even	  
though	  the	  activation	  and	  expression	  of	  integrin	  are	  not	  altered	  in	  these	  cells,	  the	  adhesion	  
strengthening	  is	  defective	  (Faroudi	  et	  al.,	  2010).	  The	  lack	  of	  Rac	  also	  impairs	  the	  capacity	  of	  
T	   cells	   to	   respond	   to	   a	   chemokine	   gradient,	   therefore	   reducing	   the	   capacity	   of	   T	   cells	   to	  
reach	  an	  inflammation	  site	  (Manes	  &	  Pober,	  2013).	  In	  a	  myosin	  Ig	  deficient	  mouse	  strain,	  T	  
cells	  have	  an	  altered	  migration	  pattern	  and	  are	  less	  efficient	  at	  scanning	  for	  target	  cells.	   In	  
this	  approach	  the	  motility	  pattern	  is	  a	  critical	  step	  in	  immune	  sensitivity	  to	  localized	  foreign	  
antigens	  (Gerard	  et	  al.,	  2014).	  
1.6	  Different	  patterns	  of	  T	  cell	  migration	  	  
Classically,	  T	  cells	  were	  considered	  to	  have	  a	  random	  mode	  of	  migration.	   	  However,	  under	  
some	  circumstances	  T	  cells	  experience	  a	  directed	  migration,	   for	  example	   if	   they	  are	   in	   the	  
presence	   of	   a	   chemotactic	   gradient.	   For	   a	   random	   walk	   process,	   the	   mean	   square	  
displacement	  (MSD)	  from	  origin	   increases	   linearly	  as	  a	   function	  of	  time	  (Cahalan	  &	  Parker,	  
2008).	  According	  to	  particle	  diffusion	  theories	   in	  physics,	   if	  an	  object	  migrates	  randomly	   in	  
space,	  it	  describes	  a	  Brownian	  motion.	  The	  slope	  of	  the	  relationship	  between	  time	  and	  the	  
MSD	  can	  be	  used	  to	  calculate	  the	  motility	  coefficient	  (Miller,	  Wei,	  Parker,	  &	  Cahalan,	  2002).	  
The	  motility	  coefficient	  has	  been	  used	  as	  a	  measure	  of	  the	  volume	  a	  cell	  can	  scan	  over	  time	  
(Jacobelli	   et	   al.,	   2010),	   and	   it	   also	   defines	   how	   fast	   cells	   can	   displace	   from	   their	   initial	  
positions	  during	  movement	  (Beltman,	  Maree,	  &	  de	  Boer,	  2009).	  In	  T	  cells,	  a	  higher	  motility	  
coefficient	  means	  more	  volume	  is	  screened	  for	  antigens.	  For	  instance,	  in	  the	  brains	  of	  mice	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chronically	   infected	   with	   Toxoplasma	   gondii,	   T	   cells	   do	   not	   demonstrate	   Brownian	  
migration;	   instead	  they	  displace	  further	  over	  time	  and	  demonstrate	  a	  Lévy	  walk	  migration.	  
Under	   this	   model,	   T	   cells	   can	   find	   rare	   antigens	   more	   efficiently	   than	   Brownian	   random	  
walkers	  (Harris	  et	  al.,	  2012)	  (Figure	  1.7).	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  
Figure1.7:	  Different	  patterns	  of	  T	  cell	  migration:	  T	  cells	  are	  known	  to	  migrate	  randomly	  and	  
are	  well-­‐described	  by	  Brownian	  movement,	  however	  under	  some	  circumstances	  T	  cells	  have	  
an	  Lévy	  walk	  migration	  mode	  where	  they	  can	  scan	  large	  areas,	  making	  them	  more	  efficient	  
in	  finding	  rare	  antigens.	  Modified	  from	  (Masopust	  &	  Schenkel,	  2013).	  
Under	   physiological	   conditions,	   T	   cells	   migrate	   in	   microenvironments	   that	   are	   frequently	  
confined	   by	   physical	   or	   biological	   barriers	   such	   as	   the	   ECM.	   The	   type	   of	   confinement	   can	  
alter	  many	  parameters	  of	   cell	  migration	   (Charras	  &	  Sahai,	  2014).	  For	  example,	   in	  confined	  
environments	  actomyosin	  contractibility	  is	  more	  important	  and	  migration	  is	  less	  dependent	  
on	   the	   activation	   of	   Rac1	   or	   Arp	   2/3	   in	   epithelial	   cells	   (Bergert	   et	   al.,	   2012;	   Hung	   et	   al.,	  
2013).	   It	   has	   been	   shown	   that	   high	   actomyosin	   contractility	   increases	   the	   intracellular	  
hydrostatic	   pressure	   that	   promotes	   forward	  movement	   of	   the	   plasma	  membrane	   and	   the	  
generation	   blebs	   (Tyson,	   Zatulovskiy,	   Kay,	   &	   Bretschneider,	   2014).	   In	   T	   cells,	  migration	   in	  
confined	   environments	   depends	   on	   the	   activity	   of	   the	   motor	   protein	   Myosin-­‐IIa,	   an	  
important	  component	  of	  the	  actomyosin	  cortex.	  In	  the	  absence	  of	  Myosin-­‐IIa,	  T	  cells	  exhibit	  
a	  defect	  in	  the	  retraction	  of	  the	  uropod	  thereby	  impairing	  migration	  in	  high	  density	  collagen	  
gels	  (Lammermann	  et	  al.,	  2008).	  
The	   type	   of	  migration	   also	   depends	   on	  whether	   T	   cells	  migrate	   in	   2D	   or	   3D	   contexts.	   To	  
migrate	  in	  2D,	  cells	  use	  focal	  adhesions	  that	  mediate	  cell	  adhesion	  to	  the	  substrate.	  Integrins	  
are	  localized	  in	  the	  focal	  adhesions	  where	  they	  can	  bind	  to	  a	  specific	  component	  of	  the	  ECM.	  
The	   strength	   of	   the	   interaction	   of	   the	   adhesion	  molecules	   to	   the	   substrate	   influences	   the	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Memory: homing begets differentiation
Following the resolution of an infection, most effector 
T cells di , but a fraction of responding T cells differ-
entiate i to long-lived memory T cells. Unlike naive 
T cells, which have SLO-restricted homing patterns, 
antigen-experienced T cells exhibit a much broader ana-
tomical distribution, being present in both SLOs and non- 
lymphoid tissues. Memory T cells also exhibit remark-
able heterogeneity with respect to phenotype, differen-
tiation and function; importantly, these parameters are 
associated with their migration patterns and associated 
anatomical locations.
Central and effector memory. Historically, analyses of 
cell-m diated immune responses were biased towards 
popula ions of c lls that can be easily harvested (that is, 
from venous blood) or that are present in high concen-
trations (that is, in SLOs). Secondary T cell responses 
were largely viewed as just a faster and more efficacious 
recapitulation of a primary immune response. It was 
thought that like primary immune responses, second-
ary immune responses were initiated in SLOs and 
depended on a period of proliferation before migration 
of the expanded effector T cell populations to sites of 
infection. Crucially, in this model T cells would not be 
immediately available to intercept pathogens at non-
lymphoid tissue points of entry, where they are typi-
cally first encountered. Instead, memory T cells would 
be latecomers to non-lymphoid tissue sites of pathogen 
re-exposure.
In 1999, a pivotal study from Lanzavecchia and col-
leagues highlighted heterogeneity among memory CD4+ 
and CD8+ T cells isolated from human blood90. They 
conceptualized this heterogeneity by delineating mem-
ory T cells into two subsets: central and effector memory 
T cells (TCM cells and TEM cells, respectively). TCM cells 
were defined by the expression of lymph-node-homing 
molecules, and together with later studies, the data sup-
ported a model in which they exhibited the canonical 
memory T cell properties traditionally associated with 
anamnestic responses; like naive T cells, they recircu-
lated through SLOs, possessed considerable capacity for 
interleukin-2 (IL-2) synthesis and proliferation upon 
TCR stimulation and, after several days of stimulation, 
gave rise to abundant effector T cells that migrated to 
sites of infection91,92. TEM cells were defined in blood by 
the absence of SLO-homing molecules, and thus puta-
tively represented populations that recirculated through 
non-lymphoid tissues. Interestingly, many TEM cells con-
stitutively maintained heightened effector-like functions 
(such as cytolytic activity among CD8+ T cells) that 
could be rapidly expressed without requiring a period 
of re-differentiation. The great elegance of the TCM/TEM 
model was that it married functional specialization with 
T cell migration patterns and location.
Innumerable studies have demonstrated that a sur-
prisingly large proportion of both CD4+ and CD8+ 
memory T cells can be recovered from non-lymphoid 
tissues. Congruent with the TCM/TEM model, the pheno-
type and functional properties varied considerably 
between SLO and non-lymphoid tissue populations of 
memory T cells93,94. To emphasize this crucial theme, 
tissue location is often highly predictive of memory 
T cell phenotype irrespective of antigen-specificity 
and stimulation history 95,96. For example, virus- 
specific memory TCRαβ+ CD8αβ+ T cells isolated from 
the intestinal mucosa constitutively retain granzyme 
B expression and cytolytic activity after antigen clear-
ance93,97. Moreover, they express low levels of CD127 
(also known as IL-7Rα) and CD122 (also known as 
(KIWTG^ /GCPUD[YJKEJ6|EGNNUYKVJKPPQPN[ORJQKFVKUUWGUKPETGCUGVJGKTGHHKEKGPE[QHKOOWPQUWTXGKNNCPEGCPF
RCVJQIGPEQPVTQN C^ 'HHGEVQT6|EGNNUUECPKPHGEVGFDTCKPXKCTCPFQO.ÅX[YCNMU
DQVVQORCVVGTPYJKEJEQXGTOQTG
VGTTKVQT[VJCP$TQYPKCPYCNMU
WRRGTRCVVGTP85b^ %&+6|EGNNUECPGZVGPFUQOGGHHGEVQTHWPEVKQPUUWEJCUUGETGVGF
KPVGTHGTQPγ
+(0γKPDNWGHCTDG[QPFVJGRQKPVQHEQPVCEVYKVJCPKPHGEVGFRJCIQE[VG6JKUEQPVTKDWVGUVQVJG
GNKOKPCVKQPQHRCVJQIGPKPVCTIGVEGNNUVJCVYGTGPQVKPFKTGEVEQPVCEVYKVJGHHGEVQT%&+6|EGNNU88E^ 4GUVKPIOGOQT[
6|EGNNUJCXGCFGPFTKVKEOQTRJQNQI[KPVJGGRKFGTOKUCPFUKOWNVCPGQWUN[EQPVCEVOCP[GRKVJGNKCNEGNNU
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Memory: homing begets differentiation
Following the resolution of an infection, ost effector 
T cells die, but a fraction of responding T cells differ-
entiate into long-lived memory T cells. Unlike naive 
T cells, which have SLO-restricted homing patterns, 
antigen-experienced T c lls exhibit a much br ader na-
tomical distribution, being present in both SLOs and n n- 
lymphoid tissues. Memory T cells also exhibit remark-
able heterogeneity with respect to phenotype, differen-
tiation and function; importantly, these parameters are 
associated with their migration patterns and associat d 
anatomical locations.
Central and effector memory. Historically, an lyses of 
cell-mediated immune responses were biased towards 
populations of cells that can be easily harvested (that is, 
from venous blood) or that are present in igh concen-
trations (that is, in SLOs). Secondary T cell responses 
were largely viewed as just a faster and more efficaci us 
recapitulation of a primary immune res nse. It was 
thought that like primary immune responses, second-
ary immune responses were initiated in SLOs an  
depended on a period of proliferation before migration 
of the expanded effector T cell populations to sites of 
infection. Crucially, in this model T cells would n t be 
immediately available to intercept pathogens at non-
lymphoid tissue points of entry, where they are typi-
cally first encountered. Instead, memory T cells would 
be latecomers to non-lymphoid tissue sites of pathogen 
re-exposure.
In 1999, a pivotal study from Lanzavecchia and col-
leagues highlighted heterogeneity among memory CD4+ 
and CD8+ T cells isolated from human blood90. They 
conceptualized this heterogeneity by delineating mem-
ory T cells into two subsets: central and effector memory 
T cells (TCM c lls and TEM cells, respectively). TCM cells 
were defined by the expression of lymph-node-homing 
molecules, and together with later studi s, the data sup-
ported a model in which they exhibited the canonical 
memory T cell properties traditionally associated with 
namnestic respons s; like n ive T cells, they recircu-
lated through SLOs, possessed considerable cap city for 
interleuki -2 (IL-2) synthesis and proliferation upon 
TCR stimulation and, after several days of stimulation, 
gave rise to abundant eff ctor T cells that igrated to 
sites of infection91,92. TEM c lls were defined in blood by 
the absence of SLO-homing molecules, a d thus puta-
tively represented p pulations that recirculated through 
n n-lymphoid tissues. Interestingly, many TEM cells co -
stitutively maintained heightened effector-like functions 
(such as cytolytic activity among CD8+ T cells) that 
could be rapidly expressed without requiring a period 
of re-differentiation. The great elegance of the TCM/TEM 
model was that it married functional specialization with 
T cell migration patterns and location.
Innu erable studies have demonstrated that a sur-
prisingly large proportion of both CD4+ and CD8+ 
memory T cells can be recovered from non-lymphoid 
tissues. Congruent with the TCM/TEM model, the pheno-
type and functional properties varied co siderably 
between SLO and non-lymphoid tissue populations of 
memory T cells93,94. To emphasize this crucial theme, 
tissue location is often highly predictive of memory 
T cell phenotype irrespective of antigen-specificity 
and stimulation history 95,96. For example, virus- 
specific memory TCRαβ+ CD8αβ+ T cells isolated from 
the intestinal mucosa constitutively retain granzyme 
B expression and cytolytic activity after antigen clear-
ance93,97. Moreover, they express low levels of CD127 
(also known as IL-7Rα) and CD122 (also known as 
(KIWTG^ /GCPUD[YJKEJ6|EGNNUYKVJKPPQPN[ORJQKFVKUUWGUKPETGCUGVJGKTGHHKEKGPE[QHKOOWPQUWTXGKNNCPEGCPF
RCVJQIGPEQPVTQN C^ 'HHGEVQT6|EGNNUUECPKPHGEVGFDTCKPXKCTCPFQO.ÅX[YCNMU
DQVVQORCVVGTPYJKEJEQXGTOQTG
VGTTKVQT[VJCP$TQYPKCPYCNMU
WRRGTRCVVGTP85b^ %&+6|EGNNUECPGZVGPFUQOGGHHGEVQTHWPEVKQPUUWEJCUUGETGVGF
KPVGTHGTQPγ
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HCTDG[QPFVJGRQKPVQHEQPVCEVYKVJCPKPHGEVGFRJCIQE[VG6JKUEQPVTKDWVGUVQVJG
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migration	   behaviour	   of	   T	   cells	   (Rudd,	   2008).	   For	   instance,	   activation	   of	   TCR	   induces	   the	  
overexpression	  and	  activation	  of	  integrin	  LFA-­‐1	  (Lymphocyte	  function-­‐associated	  antigen	  1),	  
thereby	   enhancing	   adhesion	   to	   the	   surface	   coated	   with	   its	   ligand	   known	   as	   ICAM-­‐1	  
(Intercellular	  Adhesion	  Molecule	  1).	  The	  force	  of	  interaction	  between	  LFA-­‐1	  and	  ICAM-­‐1	  is	  so	  
high	   that	   T	   cells	   cannot	   overcome	   the	   frictional	   force	   from	   the	   surface.	   Thus,	   T	   cells	  
experience	  a	  confined	  migration	  with	  a	  low	  motility	  pattern	  (Schneider,	  Valk,	  da	  Rocha	  Dias,	  
Wei,	  &	  Rudd,	  2005).	  In	  contrast,	  in	  3D	  environments,	  T	  cells	  use	  little	  adhesive	  interactions	  
and	  movement	  can	  be	  independent	  of	  the	  function	  of	  integrins	  (Lammermann	  et	  al.,	  2008)	  
(Figure	  1.8),	  however	  it	  has	  been	  reported	  that	  under	  some	  circumstances	  T	  cells	  use	  focal	  
adhesions	  to	  migrate	  in	  lymph	  nodes	  (Park	  et	  al.,	  2010)	  .In	  restrictive	  3D	  movement,	  T	  cells	  
are	   more	   dependent	   on	   the	   actomyosin	   cortex	   as	   they	   have	   to	   deform	   in	   order	   to	   pass	  
through	  pores	  and	  crevices	  that	  may	  be	  smaller	  than	  the	  cell	  itself	  (Sanz-­‐Moreno	  &	  Marshall,	  
2010).	   By	   depolymerising	   actin	   filaments,	   T	   cells	   can	   deform	   easily	   and	   improve	   the	  
actomyosin	   machinery	   in	   order	   to	   fit	   through	   a	   pore.	   Furthermore,	   in	   confined	  
environments,	  the	  myosin-­‐driven	  contractility	  of	  the	  uropod	  is	  necessary	  for	  the	  propulsion	  
of	  cells	  throw	  the	  narrow	  pores	  of	  3D	  matrices	  (Soriano	  et	  al.,	  2011).	  	  	  	  
	  	  	  	  	  	  	  	  	   	  
Figure	  1.8:	  Migration	  of	  T	  cells	   in	  2D	  vs.	  3D	  environments.	  Migration	  of	  T	  cells	  depend	  on	  
whether	   they	   are	   in	   2D	   or	   3D	   environments.	   In	   a	   2D	   environment	   the	  migration	   of	   T	   cells	  
depends	  on	  the	  interaction	  between	  adhesion	  molecules	  and	  their	  respective	  ligand	  (left).	  In	  
a	   3D	   environment	   T	   cells	   migrate	   based	   on	   the	   activity	   of	   the	   actomyosin	   cortex	   (right).	  
Modified	  from	  (Sharma,	  Wagner,	  Wolchok,	  &	  Allison,	  2011)	  	  	  	  	  
1.7	  Regulatory	  molecules	  that	  influence	  T	  cell	  function	  and	  migration	  
T	   cell	   activation	   through	   the	   TCR	   is	   another	   variable	   that	   is	   involved	   in	   the	   migration	  
behaviour	   of	   T	   cells.	   TCR	   activation	   considerably	   reduces	   migration	   of	   T	   cells	   on	   dishes	  
coated	   with	   ICAM-­‐1	   (Cernuda-­‐Morollon	   et	   al.,	   2010).	   This	   is	   maintained	   even	   if	   the	   TCR	  
stimulus	  is	  removed.	  Rac-­‐1	  has	  been	  considered	  to	  be	  an	  intermediary	  of	  the	  TCR	  signalling	  
pathway.	  T	  cells	  from	  mice	  deficient	  in	  Rac-­‐1	  have	  impaired	  TCR	  signalling	  (Yu,	  Leitenberg,	  Li,	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The mid-region (Fig. 1d) generates actomyosin-based stiffness and 
contractility, limits lateral protrusions and thereby maintains a stable, 
bipolar cortex. The cytoskeletal motor protein myosin II located in the 
central and rear regions of leukocytes promotes actin filament contrac-
tion and limits lateral protrusions. Myosin II cross-links actin filaments 
in parallel, forming the contractile shell required to hold the extending 
cell together and propelling the cell nucleus, the most rigid part of the 
cell, forward35. Inhibition of myosin II in neutrophils leads to ectopic 
lamellae on two-dimensional substrates36 or the loss of rear-end retrac-
tion in three-dimensional tissues37, resulting in impaired migration. 
Upstream of myosin II, by yet unclear mechanisms, PI(3)K-G and pos-
sibly DOCK-2 suppress lateral protrusions38; deletion of either protein 
enhances cell turning such that overall cell mobility is compromised31. 
The phosphatase PTEN also contributes to lateral stability by preventing 
ectopic protrusion formation7. PTEN is excluded from the leading edge 
but active in lateral and rear cell parts, where it dephosphorylates kinases, 
including PI(3)K and Akt, as well as phosphatidylinositol-(3,4,5)-tris-
phosphate, and thereby counteracts protrusion formation7,39.
The uropod (Fig. 1e) extends rearward from the nucleus and contains 
the microtubule-organizing center and rearward-polarized microtu-
bules, the Golgi, and abundant actin-binding ERM proteins. In asso-
ciation with microtubules, mitochondria localize to the rear of the cell, 
which, presumably owing to local ATP delivery to the region of ATP-
dependent actomyosin contraction, is required for proper polarization, 
uropod retraction and mig ation40. Amoeboid polarizatio  thus gen-
erates a bipolar mechanosensory state with a dynamic leading edge to 
acquire new contacts and signals, a stiff mid-body, and a sticky uropod 
that is dragged along the substrate and stabilizes the cell position in 
complex environments10,41.
Leukocyte migration in different environments
Leukocytes are able to migrate along or through most, if not all, tissues 
of the body. Both two-dimensional surfaces, such as inner vessel walls, 
the peritoneum and the pleura, and three-dimensional tissues, com-
posed of mostly cellular (lymp  node) or fibrillar ECM c ponent , 
serve as ‘substrates’ for this migration (Fig. 2). As part of the amoeboid 
migration program, leukocytes use adhesion receptor–dependent mech-
anisms, known as haptokinesis, for migration across two-dimensional 
surfaces. Migration across two-dimensional ECM or an endothelial 
surface requires integrin-med ated attachment and po arized adhesion, 
notably through binding of integrins A4B1 and LFA-1 to counterpart 
ligands VCAM-1 and ICAM-1 on the endothelial cell (Fig. 2a)6. By con-
trast, in three-dimensional ECM environments, cells use weakly adhe-
sive to nonadhesive interaction and traction mechanisms. Leukocyte 
migration within interstitial tissue in vitro and in vivo is integrin inde-
pendent, being mediated instead by actin flow along the confining 
ECM scaffold structure, shape change, and squeezing (Fig. 2b)10,22,37. 
In contrast to two-dimensional migration, the three-dimensional tis-
sue network confines and mechanically anchors cells from all sides so 
they intercalate alongside and perpendicular to tissue structures10,37,42; 
this differs from integrin-dependent mesenchymal and other migra-
tion modes9. How leukocytes distinguish substrate anatomy—that is, 
two-dimensional versus three-dimensional environments—and adjust 
their adhesion requirements is presently unknown.
Pericellular proteolysis
The degradation of ECM is a key mechanism supporting cell migration 
through physically constraining tissue regions43. The penetration of the 
very dense meshwork of basement membranes likely requires prote-
olytic activity, at least during the initial phase of leukocyte influx6,44,45. 
Whether interstitial leukocyte migration in vivo depends upon similar 
proteolytic ECM degradation is unclear, as controversial results have 
been reported10. Better dissection of the in vivo requirements for pro-
teolytic ECM processing in different phases of leukocyte trafficking will 
require knowledge of ECM structure and composition before and after 
trafficking and consideration of other protease functions that may affect 
migration rates through diverse mechanisms, including the processing of 
surface receptors, cytokines, and growth factors46,47. In defined in vitro 
enviro ments, such as fibrillar three-dimensional collagen matrices of 
known pore diameter (averaging 3 to 6 µm), lymphocytes and myeloid 
cells migrate in the absence of collagen degradation or proteolytic track 
generation10. As a mechanism, nonproteolytic amoeboid migration 
results from marked shape change, propulsion and squeezing through 
narrow tissue regions (Fig. 2b), similar to leukocyte movement through 
interstitial tissue with minimum collateral damage during nondestruc-
tive inflammation10,41,48. Because the physical structure of interstitial 
human and mouse tissues in vivo is quite heterogeneous, ranging from 
loose fibrillar regions of spacing similar to that of three-dimensional 
collagen lattices to compact dense connective tissue with submicron 
spacing (K. Wolf and P.F., unpublished data), it is likely that leukocytes 
adapt to tissue geometry and follow paths of least resistance, a process 
known as contact guidance.
Migration programs in different leukocytes subsets
The basic amoeboid migration program is retained in most, if not 
all, leukocytes as well as lymphoma cells49. Whereas granulocytes and 
lymphocytes maintain the typical ‘hand-mirror’ shape reminiscent of 
Dictyostelium, monocytes contain more cytoplasm and often lack a bona 
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Figure 2  Principles of leukocyte–substrate interactions and guidance. (a) Haptokinetic, adhesion-dependent migration across a two-dimensional (2D) 
surface. Two-dimensional leukocyte migration requires integrin-mediated interaction with the substrate. In vivo, haptokinetic migration is present 
during leukocyte crawling across vascular endothelium or inner body surfaces, such as the peritoneum or the bronchial tract. (b) Three-dimensional 
(3D) haptokinesis and contact guidance results from shape change and the flow of anterior actin, but in leukocytes, lacks integrin-mediated adhesion 
requirements. In organized tissue, alignment of the cell body to nonrandom tissue structures leads to contact guidance. (c) Chemotaxis is induced by 
soluble, freely diffusing compounds that lead to preferential signaling and actin-rich protrusions at the leading edge. Chemotaxis adds a direction to 2D and 
3D haptokinetic migration. (d) Haptotaxis is the directed migration toward chemoattractants that are immobilized on tissue structures, such as interstitial 
collagens or a stromal cell network.
REV IE W
962 VOLUME 9   NUMBER 9   SEPTEMBER 2008   NATURE IMMUNOLOGY
The mid-region (Fig. 1d) generates actomyosin-based stiffness and 
contractility, limits lateral protrusions and thereby maintains a stable, 
bipolar cortex. The cytoskeletal motor protein myosin II located in the 
central and rear regions of leukocytes promotes actin filament contrac-
tion and limits lateral protrusions. Myosin II cross-links actin filaments 
in parallel, forming the contractile shell required to hold the extending 
cell together and propelling the cell nucleus, the most rigid part of the 
cell, forward35. Inhibition of myosin II in neutrophils leads to ectopic 
lamellae on two-dimensional substrates36 or the loss of rear-end retrac-
tion in three-dimensional tissues37, resulting in impaire  migration. 
Upstr am f myosin II, by yet unclear mechanism , PI(3)K-G and pos-
sibly DOCK-2 suppre s lateral protrusions38; deletion of ither protein 
enhanc s cell turning such that overall cell mobility is compromised31. 
The phosphatase PTEN also contribute  to lateral stability by preventing 
ectopic protrusion formation7. PTEN is excluded from the leading edge 
but active in lateral and rear cell parts, where it dephosphorylates kinases, 
including PI(3)K and Akt, as well as phosphatidylinositol-(3,4,5)-tris-
phosphate, and thereby counteracts protrusion formation7,39.
The uropod (Fig. 1e) extends rearward from the nucleus and contains 
the microtubule-organizing center and rearward-polarized microtu-
bules, the Golgi, and abundant actin-binding ERM proteins. In asso-
ciation with microtubules, mitochondria localize to the rear of the cell, 
which, presumably owing to local ATP delivery to the region of ATP-
dependent actomyosin contraction, is required for proper polarization, 
uropod retraction and migration40. Amoeboid polarization thus gen-
erates a bipolar mechanosensory state with a dynamic leading edge to 
acquire new contacts and signals, a stiff mid-body, and a sticky uropod 
that is dragged along the substrate and stabilizes the cell positi n in 
complex environme ts10,41.
Leukocyte migration in different nvironments
Leukocytes are able t  migrate alo g or through ost, if not all, tissues 
of the body. Both two-dimensional surfaces, such as inner vessel walls, 
the peritoneum and the pleura, and three-dimensional tissues, com-
posed of mostly cellular (lymph node) or fibrillar ECM components, 
serve as ‘substrates’ for this migration (Fig. 2). As part of the amoeboid 
migration program, leukocyt s use adhesion receptor–dependent mech-
anisms, known as haptokinesis, for migrati n a ross two-dimensi nal 
surfaces. Migration across two-dimensional ECM or an endothelial 
surface requires integrin-mediated attachment and polarized adhesion, 
notably through binding of integrins A4B1 and LFA-1 to counterpart 
ligands VCAM-1 and ICAM-1 on the endothelial cell (Fig. 2a)6. By con-
trast, in three-dimensional ECM environments, cells use weakly adhe-
sive to nonadh sive interaction and traction mechan sms. Leukocyte 
migration within interstitial tissue in vitro and in vivo is integrin inde-
pendent, being mediated instead by actin flow along the confining 
ECM scaffold structure, shape change, and squeezing (Fig. 2b)10,22,37. 
In contrast to two-dimensional migration, the three-dimensional tis-
sue network confines and mechanically anchors cells from all sides so 
they intercalate alongside and perpendicular to tissue structures10,37,42; 
this differs from integrin-dependent mesenchymal and other migra-
tion modes9. How leukocytes distinguish substrate anatomy—that is, 
two-dimensional versus three-dimensional environments—and adjust 
their adhesion requirements is presently nknown.
P ricellular proteolysis
The degradation of ECM is a key mechanism supporting cell migration 
th ough physically con training tissue regions43. The penetration of the 
very dense meshwork of basement membranes likely requires prote-
olytic activity, at least during the initial phase of leukocyte influx6,44,45. 
Whether interstitial leukocyte migration in vivo depends upon similar 
proteolytic ECM degradation is unclear, as controversial results have 
been reported10. Better dissection of the in vivo requirements for pro-
teolytic ECM processing in different phases of leukocyte trafficking will 
require knowledge of ECM structure and composition before and after 
trafficking and consideration of other protease functions that may affect 
migration rates through diverse mechanisms, including the processing of 
surface receptors, cytokines, and growth factors46,47. In defined in vitro 
environments, such as fibrillar three-dimensional collagen matrices of 
known pore diameter (averaging 3 to 6 µm), lymphocytes and myeloid 
cells migrate in the absence of collagen degradation or proteolytic track 
generation10. As a mechanism, nonproteolytic amoeboid migration 
r sults from marked shape change, pulsion nd squeezin  thr ugh 
narrow tissue regions (Fig. 2b), similar to leukocyte movement through 
intersti al tissue with minimum collateral damage during nondestruc-
tiv  infl mmation10,41,48. Because the physic l str cture f interstitial 
human and m use tissues in vivo is quite heterogeneous, ranging from 
loose fibrillar regions of spacing similar to that of three-dimensional 
collagen lattices to compact dense connective tissue with submicron 
spacing (K. Wolf and P.F., unpublished data), it is likely that leukocytes 
adapt to tissue geometry and follow paths of least resistance, a process 
k own as contact guidance.
Migration programs in different leukocytes subsets
The basic amoeboid migration program is retained in most, if not 
all, leukocytes as well as lymphoma cells49. Whereas granulocytes and 
lymphocytes maintain the typical ‘hand-mirror’ shape reminiscent of 
Dictyostelium, monocytes contain more cytoplasm and often lack a bona 
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Figure 2  Principl s of leukocyte–substrate interactions and guidance. (a) Hapt kinetic, adhesi -dependent migration across a two-dimensional (2D) 
surface. Two-dimensional leukocyte migration requires i tegrin-mediated in eraction with the substrate. In vivo, haptokinetic migration is present 
during leukocyte crawling across vascular endothelium or inner body surfaces, such as the peritoneum or the bronchial tract. (b) Three-dimensional 
(3D) haptokinesis and contact guidance results from shape change and the flow of anterior actin, but in leukocytes, lacks integrin-mediated adhesion 
requirements. In organized tissue, alignment of the cell body to nonrandom tissue structures leads to contact guidance. (c) Chemotaxis is induced by 
soluble, freely diffusing compounds that lead to preferential signaling and actin-rich protrusions at the leading edge. Chemotaxis adds a direction to 2D and 
3D haptokinetic migration. (d) Haptotaxis is the directed migration toward chemoattractants that are immobilized on tissue structures, such as interstitial 
collagens or a stromal cell network.
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&	  Flavell,	  2001)	  and	  do	  not	  respond	  to	  a	  chemotactic	  gradient	  (Faroudi	  et	  al.,	  2010).	   It	  has	  
been	  shown	  that	  TCR	  activation	  affects	  the	  typical	  polarisation	  of	  T	  cells	  where	  they	  lose	  the	  
uropod	  and	  show	  multiple	  protrusions	  at	  different	  orientations.	  This	  phenomenon	  is	  due	  to	  
an	   enhancement	   of	   the	   activity	   of	   Rac-­‐1	   and	   a	   reduction	   of	   Rho-­‐A	   activation	   (Cernuda-­‐
Morollon	   et	   al.,	   2010).	   Thus,	   when	   the	   balance	   of	   the	   activity	   between	   the	   GTP-­‐ases	   is	  
altered,	   it	   directly	   influences	   the	   migration	   behaviour	   of	   T	   cells.	   In	   this	   manner,	   TCR	  
engagement	  induces	  a	  strong	  stop	  signal	  by	  modulating	  the	  activation	  of	  the	  GTP-­‐ases	  that	  
ultimately	  promotes	  stable	   interactions	  with	  APCs.	  Therefore,	   the	  expression	  of	   regulatory	  
molecules	  on	  T	  cells	  is	  required	  in	  order	  to	  maintain	  a	  proper	  activation	  level	  that	  ensures	  T	  
cells	   can	   navigate	   efficiently	   in	   any	   kind	   of	   environment.	   The	   following	   is	   a	   description	   of	  
regulatory	   molecules	   that	   are	   involved	   in	   the	   immune	   system	   in	   order	   to	   avoid	   an	  
exaggerated	  response	  that	  potentially	  can	  generate	  harmful	  effects.	  	  	  
The	  equilibrium	  between	  positive	  and	  negative	  regulatory	  signals	  determines	  the	  extent	  of	  
the	  immune	  response.	  Thus,	  several	  regulatory	  mechanisms	  are	  indispensable	  to	  ensure	  an	  
adequate	   immune	   response	   under	   diverse	   pathological	   conditions	  without	   producing	   side	  
effects	   in	   normal	   tissues	   (Sakaguchi,	   Wing,	   Onishi,	   Prieto-­‐Martin,	   &	   Yamaguchi,	   2009).	  
Central	   tolerance	   is	   defined	   by	   the	   elimination	   of	   T	   cells	   that	   can	   recognise	   self-­‐antigens	  
with	  high	  affinity	   in	   the	   thymus.	  Nevertheless,	  a	   small	  percentages	  of	  auto-­‐reactive	  T	  cells	  
can	   escape	   thymic	   negative	   selection	   and	   reach	   the	   periphery	   where	   they	   can	   cause	  
autoimmune	   diseases	   (Hogquist,	   Baldwin,	   &	   Jameson,	   2005).	   Therefore,	   several	   immune	  
strategies	   have	   evolved	   to	   avoid	   the	   generation	   of	   harmful	   autoimmune	   responses,	  
including	  1)	  apoptosis	  induced	  by	  T	  cell	  activation;	  2)	  anergy,	  a	  hypoactive	  state	  of	  effector	  T	  
cells	  even	  in	  the	  presence	  antigen;	  and	  3)	  the	  conversion	  of	  effector	  T	  cells	  to	  regulatory	  T	  
cells	  (Tregs)(Bilate	  &	  Lafaille,	  2012).	  	  
Signalling	  through	  the	  TCR	  not	  only	  potentiates	  effector	  functions	  on	  T	  cells	  but	  also	  induces	  
regulatory	  signals	  that	  limit	  the	  magnitude	  of	  the	  immune	  response.	  Even	  the	  early	  events	  of	  
TCR	  signalling	  are	  tightly	  regulated.	  For	  instance,	  Csk	  (Cterminal	  Src	  kinase)	  is	  responsible	  for	  
maintaining	   Lck	   in	   an	   inactive	   state	   by	   phosphorylation	   on	   inhibitory	   tyrosine	   residues	  
(Y505)	  (Vang	  et	  al.,	  2004).	  On	  the	  other	  hand,	  CD45	  phosphatase	  diminishes	  Lck	  activation	  
by	   dephosphorylating	   its	   active	   site.	   Another	   example	   is	   SHP1	   (SH2	   domain-­‐containing	  
protein	   tyrosine	   phosphatase),	   a	   tyrosine	   phosphatase	   that	   has	   been	   established	   as	   a	  
negative	  regulator	  of	  immune	  cell	  activation.	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Regulatory	  signals	  that	  are	  triggered	  by	  the	  TCR	  are	  assisted	  by	  co-­‐receptor	  signals.	  CTLA-­‐4	  
(cytotoxic	  T	  lymphocyte	  antigen-­‐4)	  and	  PD-­‐1	  (programmed	  death-­‐1)	  are	  two	  examples	  of	  co-­‐
receptors	  that	  constrain	  the	  immune	  response	  upon	  T	  cell	  activation	  (Figure	  1.9).	  	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Figure1.9:	  T	  cell	   inhibition	  by	  CTLA-­‐4	  and	  PD-­‐1.	  CTLA-­‐4	  is	  highly	  expressed	  on	  regulatory	  T	  
cells	  where	  it	  binds	  to	  B7	  thereby	  blocking	  the	  second	  signal	  for	  fully	  activating	  T	  cells.	  The	  
binding	   of	   PD-­‐1	   to	   its	   ligand	   is	   a	   late	   event	   and	   it	   involves	   in	   the	   suppression	   of	   T	   cell	  
activation.	  Reproduced	  from(Sharma	  et	  al.,	  2011).	  
CTL4-­‐4	  	  
CTLA-­‐4	  interacts	  with	  CD80/CD86	  to	  induce	  an	  inhibitory	  signal	  in	  activated	  T	  cells.	  CTL-­‐4	  is	  
upregulated	   upon	   TCR	   activation	   and	   is	   responsible	   for	   maintaining	   immune	   tolerance	  
throughout	   the	   initiation	   of	   an	   immune	   response.	   CTLA-­‐4	   is	   highly	   expressed	   in	   Tregs,	  
suggesting	  that	  this	  molecule	  has	  a	  key	  role	  in	  their	  suppressive	  activity	  (Sojka,	  Hughson,	  &	  
Fowell,	  2009).	  For	  example,	  mice	  deficient	  in	  CTLA-­‐4	  develop	  a	  lymphoproliferative	  disorder	  
and	  multiorgan	   failure	  and	  die	  within	  3	   to	  4	  weeks	  of	  birth.	   In	  addition,	   it	  has	   shown	  that	  
some	  CTLA	  gene	  polymorphisms	  are	  involved	  in	  several	  autoimmune	  diseases	  such	  as	  type	  1	  
diabetes,	  multiple	  sclerosis,	  rheumatoid	  arthritis,	  among	  others	  (Gough,	  Walker,	  &	  Sansom,	  
2005).	   Furthermore,	   CTLA-­‐4	   signaling	   is	   important	   in	   cell	   differentiation	   of	   CD4+	   T	   cells	   to	  
Tregs.	  CTLA-­‐4	  knockout	  mice	  have	  enhanced	  Th2	  cell	  differentiation	  even	  in	  the	  absence	  of	  
STAT-­‐6,	  an	  important	  transcriptional	  factor	  in	  cell	  differentiation	  to	  Th2	  (Oosterwegel	  et	  al.,	  
1999).	  Thus,	  CTLA-­‐4	  plays	  a	  critical	  role	  in	  the	  control	  of	  auto-­‐reactivity	  and	  the	  induction	  of	  
tolerance	  to	  self-­‐antigens.	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(as opposed to 3 mg kg–1 every 3 weeks for 
ipilimumab) and that some patients in the 
tremelimumab trial who were randomized 
to standard-of-care therapies may have also 
participated in some of the ongoing Phase I/II 
trials of ipilimumab, leading to unintentional 
crossover. An updated analysis of these data 
was reported in abstract form and suggested 
a trend towards an overall survival benefit 
for patients who were treated with tremeli-
mumab26. In patients, both ipilimumab and 
tremelimumab have been shown to enhance 
the frequency of CD4+ and CD8+ T cells 
in the peripheral blood as well as antibody 
responses to antigens that are present on 
tumour cells27–31; however, as will be dis-
cussed in more detail below, the biological 
changes or mechanisms that lead to clinical 
benefit are still under investigation.
Clinical outcomes of early Phase I and II  
trials of CTLA4-targeted antibodies were 
recently reviewed32. In one study, patients 
with metastatic melanoma received different 
doses of ipilimumab (0.3, 3 or 10 mg kg–1),  
and the results suggested an increase in 
response rates with higher doses33. The 
Phase III trial tested the efficacy of ipili-
mumab alone and ipilimumab in combina-
tion with a peptide vaccine that is comprised 
of gp100 (also known as melanocyte protein 
PMEL), an antigen that is known to be 
expressed in melanoma19. Ipilimumab was 
given four times at 3 mg kg–1 (one dose every 
3 weeks), and patients with a documented 
clinical benefit could receive additional doses 
(termed ‘maintenance–re-induction’ doses). 
An additional cohort of patients received the 
gp100 vaccine alone, which was equivalent 
to a placebo: the peptide vaccine by itself 
had not provided measurable clinical benefit 
to patients with metastatic melanoma in a 
previous study34. However, it was specu-
lated that the combination of gp100 vaccine 
plus ipilimumab might provide additive or 
synergistic benefits over ipilimumab alone, 
as was recently noted in a study combin-
ing high-dose IL-2 and gp100 (REF. 16). The 
Phase III trial with ipilimumab showed a 
median overall survival of 10.1 months for 
patients who were treated with ipilimumab 
alone and 10.0 months for patients treated 
with both ipilimumab and the gp100 vaccine. 
By comparison, patients who were treated 
with the gp100 vaccine alone had a median 
overall survival of 6.4 months. Treatment with 
ipilimumab alone also led to a 36% reduction 
in the risk of progression compared to treat-
ment with gp100 alone (hazard ratio = 0.64; 
P < 0.001) and a significant difference in the 
best overall response rate (10.9%) and the 
disease control rate (28.5%) compared to 
treatment with gp100 alone (1.5% and 11.0%, 
respectively). A remarkable aspect of this trial 
was that approximately 45% of ipilimumab-
treated patients were alive after 1 year, 24% 
of patients were alive after 2 years, and some 
patients had a durable clinical benefit that 
lasted for the 4.5 years of follow-up. This was 
a dramatic improvement in the survival of 
patients with metastatic melanoma compared 
to a previously published meta-analysis that 
indicated that only 25% of patients with 
metastatic melanoma lived for 1 year35. These 
data led to the approval of ipilimu ab by the 
FDA in March 2011 for first- or second-line 
treatment of unresectable stage III or stage IV 
melanoma.
A second randomized Phase III trial was 
reported recently. This trial confirmed the 
findings of the first trial by showing an overall 
survival of 11.2 months for patients who were 
treated with a combination of ipilimumab and 
standard dacarbazine chemotherapy, versus 
9.1 months for patients who received dacar-
bazine alone36. This second trial administered 
ipilimumab at a dose of 10 mg kg–1; however, 
only 36.8% of patients completed all four 
doses of the treatment. Additional data will be 
needed to clarify whether four doses are suffi-
cient for clinical benefit or whether additional 
(maintenance) doses are necessary. In the first 
Phase III trial only 17.2% of patients received 
at least one maintenance dose19, and in the 
second Phase III trial only 7% of patients 
received at least one maintenance dose36. Data 
from the published Phase III trials, as well 
as data from the published Phase II dose-
ranging study, indicate that ipilimumab is 
better-tolerated at 3 mg kg–1 compared with 
10 mg kg–1, and that maintenance dosing may 
not be necessary for either regimen.
Other agents. Antibodies against other inhibi-
tory immune-checkpoint molecules on T cells 
are now being tested in clinical trials. Phase II 
data with a PD1-targeted antibody wer  
reported in abstract form and showed a 37% 
objective response rate in a trial involving 
patients with melanoma, renal cell c rci oma, 
prostate cancer, non-small-cell lung cancer or 
colorectal cancer, with most responses occur-
ring in patients with metastatic melanoma or 
renal cell carcinoma37. Ongoing clinical trials 
using this PD1-targeted antibody will provide 
additional data regarding the potential for 
this immunotherapy agent to provide survival 
benefit for patients with cancer.
Assessment of clinical responses
Active immunotherapy generates antitumour 
effects by enhancing tumour-specific T cell 
responses. Because this is an indirect process 
that relies on affecting immune responses 
rather than the direct killing of tumour cells 
(which is seen when using standard agents 
such as chemotherapy), antitumour responses 
may be challenging to assess. Responses to 
immunotherapy may take longer to become 
detectable by radiographic imaging, and the 
assessment of responses might be difficult, if 
not misleading, by standard methods, such 
Figure 1 | $CUKEOGEJCPKUOUQH6|EGNNUVKOWNCVKQPCPFKPJKDKVKQPa | 6|EGNNCEVKXCVKQPDGIKPUYKVJ
KPVGTCEVKQPQHVJG6EGNNTGEGRVQT
6%4QPC6|EGNNYKVJOCLQTJKUVQEQORCVKDKNKV[EQORNGZ
/*%DQWPF
to antigen on an antigen-presenting cell (APC). This is known as signal 1, but appropriate activation 
of the T cell requires additional signals that are provided by the interaction between CD28 and B7 
(signal 2). D|^ 6|EGNNCEVKXCVKQPKUNKOKVGFD[E[VQVQZKE6N[ORJQE[VGCUUQEKCVGFRTQVGKP
%6.#YJKEJ
KUWRTGIWNCVGFQPCEVKXCVGF6|EGNNUYJGTGKVQWVEQORGVGU%&HQTDKPFKPIVQ$QPCP#2%
#FFKVKQPCNTGIWNCVKQPQH6|EGNNCEVKXKV[KUCNUQRTQXKFGFD[NCVGTKPJKDKVQT[UKIPCNUVJTQWIJQVJGTOQNG-
EWNGUUWEJCURTQITCOOGFEGNNFGCVJ
2&YJKEJDKPFUVQ2&NKICPF
2&.1VJGTTGIWNCVQTUQH
6|EGNNCEVKXCVKQPJCXGTGEGPVN[DGGPEJCTCEVGTK\GFCPFOC[JCXGKORQTVCPVTQNGU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
and V-domain immunoglobulin suppressor of T cell activation (VISTA)60,61.
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PD-­‐1	  
	  
Similarly,	  PD-­‐1	  is	  also	  a	  co-­‐receptor	  and	  its	  ligand	  is	  CD80/CD86.	  PD-­‐1	  has	  a	  late	  effect	  during	  
TCR	  activation	  and	  it	  is	  important	  for	  maintaining	  tolerance	  in	  the	  periphery.	  	  The	  function	  of	  
PD-­‐1	  has	  been	  established	  by	  the	  development	  of	  PD-­‐1	  deficient	  mice.	  These	  mice	  develop	  
autoimmune	   diseases	   such	   as	   arthritis	   and	   glomerulonephritis	   (Francisco,	   Sage,	  &	   Sharpe,	  
2010).	   Engagement	  of	   PD-­‐1	  by	  either	  of	   its	   ligands	  during	  TCR	   signalling	   can	   reduce	  T	   cell	  
proliferation,	   cytokine	   production	   and	   T	   cell	   survival.	   PD-­‐1	   diminishes	   T	   cell	   function	   and	  
survival	  either:	  directly	  by	  inhibiting	  early	  co-­‐stimulatory	  signals	  through	  CD28,	  or	  indirectly	  
through	  IL-­‐2.	  PD-­‐1	  may	  also	  act	  passively	  by	  competing	  directly	  with	  CD28	  for	  B7-­‐1	  binding	  
(Butte,	  Keir,	  Phamduy,	  Sharpe,	  &	  Freeman,	  2007).	  In	  this	  way,	  PD-­‐1	  engagement	  can	  reduce	  
the	  phosphorylation	  of	  key	  intermediaries	  of	  the	  TCR	  signalling	  pathway	  such	  as	  ZAP70	  and	  
Erk	   (Sheppard	  et	  al.,	  2004).	  However,	   this	  effect	   can	  be	  overcome	   in	   the	  presence	  of	  pro-­‐
inflammatory	   cytokines	   such	   as	   IL-­‐2,	   IL-­‐7,	   and	   IL-­‐15	   where	   they	   activate	   the	   Jak/STAT	  
signalling	  pathway	  and	  rescue	  T	  cells	  from	  the	  anergy	  state	  (Chikuma	  et	  al.,	  2009).	  	  
ICOS	  
ICOS,	  another	  member	  of	  the	  CD28-­‐superfamily	  of	  co-­‐stimulatory	  molecules,	  is	  upregulated	  
by	   T	   cells	   upon	   activation.	   T	   cells	   deficient	   in	   ICOS	   exhibit	   reduced	   proliferation	   and	   IL-­‐2	  
production,	  indicating	  the	  role	  of	  ICOS	  in	  modulating	  the	  immune	  response.	  The	  interaction	  
of	   ICOS	   with	   its	   ligand	   induces	   the	   synthesis	   of	   the	   immunosuppressive	   cytokines	   IL-­‐10	  
(Akbari	  et	  al.,	  2002)	  (Ito	  et	  al.,	  2007).	  ICOS	  has	  been	  considered	  a	  marker	  for	  subdivision	  of	  
Treg	  cells,	  as	  the	  presence	  of	  ICOS	  on	  T	  cells	  is	  correlated	  with	  high	  production	  of	  both	  IL-­‐10	  
and	   TGF-­‐β;	   in	   contrast	   Treg	   cells	   that	   lack	   ICOS	   only	   secrete	   TGF-­‐β	   (McGee,	   Edwan,	   &	  
Agrawal,	  2010)	  (Ito	  et	  al.,	  2008).	  Blockade	  or	  deficiency	  of	  ICOS	  inhibits	  the	  production	  of	  IL-­‐
10	  and	  abrogates	  the	  inhibitory	  function	  of	  Treg	  cells	  (Kohyama	  et	  al.,	  2004).	  	  
Foxp3	  
Forkhead	  box	  protein	  3	  (Foxp3)	  is	  a	  transcriptional	  factor	  and	  has	  been	  considered	  a	  master	  
molecule	   for	   the	  development	   and	   function	  of	   Treg	   cells.	   The	  majority	   of	   Foxp3+	   cells	   are	  
found	  within	   the	  CD4+	   T	   cell	   subset,	   although	   small	   amounts	  of	   Foxp3	  has	  been	   found	  on	  
other	  T	  cell	  subtypes	  such	  as	  CD8+,	  CD4+CD8+	  and	  CD4-­‐CD8-­‐	  TCR	  αβ+	  (Rudensky,	  2011).	  Foxp3	  
is	   an	   important	  mediator	   of	   cell	   tolerance.	   In	  mice	   deficient	   of	   Foxp3	   severe	  multi-­‐organ	  
autoimmunity	  occurs,	  caused	  by	  a	  reduction	  of	  Treg	  cells	  (Hori	  &	  Sakaguchi,	  2004).	  It	  is	  also	  
	   32	  
know	   that	   Foxp3	   is	   expressed	   by	   conventional	   CD4+	   T	   cells	   after	   antigen	   recognition.	   The	  
overexpression	  of	  Foxp3	  by	  effector	  CD4+	  T	  cells	  induces	  the	  development	  of	  Treg	  cells	  (Hori	  
&	  Sakaguchi,	  2004),	  while	  Foxp3	  transgenic	  mice	  have	  an	  increased	  Treg	  population(Khattri	  
et	  al.,	  2001).	  Foxp3+	  Treg	  cells	  depend	  on	  IL-­‐2	  to	  survive,	  proliferate,	  and	  to	  maintain	  Foxp3	  
gene	  expression	  and	  suppression.	   IL-­‐2	  appears	  to	  promote	  immune	  tolerance	  by	  generating	  
and	  maintaining	  a	  population	  of	  CD4+CD25+	  Treg	  cells.	  These	  cells	  constitutively	  express	  the	  
high	   affinity	   IL2R,	   which	   allows	   Tregs	   to	   respond	   to	   low	   concentrations	   of	   IL-­‐2.	   The	  
prolonged	   administration	   of	   low	   levels	   of	   IL-­‐2	   to	   hematopoietic	   stem	   cells	   boosts	   the	  
expression	   of	   FOXP3	   and	   increases	   the	   frequency	   of	   CD4+CD25+	   Treg	   cells	   in	   peripheral	  
blood	  T	  cells	  (Zorn	  et	  al.,	  2006).	  
As	  mentioned	   previously,	   under	   some	   circumstances	   T	   cells	   express	   regulatory	  molecules	  
that	   modulate	   the	   magnitude	   of	   the	   immune	   response.	   In	   addition,	   they	   can	   affect	   the	  
migration	  behaviour	  of	  T	  cells	  and	  impair	  their	  capacity	  to	  engage	  with	  their	  targets.	  	  
CD4	  T	  cells	  that	  express	  high	  levels	  of	  CTLA-­‐4	  fail	  to	  stop	  or	  slow	  down	  even	  in	  the	  presence	  
of	  their	  cognate	  antigen.	  At	  the	  same	  time	  there	  is	  a	  reduction	  of	  the	  contact	  time	  between	  
effector	   T	   cells	   and	   their	   target.	   In	   turn,	   these	   shorter	   contact	   times	   result	   in	   lower	  
proliferation	  and	  production	  of	  IL-­‐2	  (Schneider	  et	  al.,	  2006).	  A	  reduction	  in	  contact	  time	  by	  
CTLA-­‐4,	   limits	  TCR	  signalling	  and	  raises	   the	   threshold	   for	  T	  cell	  activation	  (Schneider	  et	  al.,	  
2005).	  The	  activation	  of	  CTLA-­‐4	  in	  conventional	  CD4+	  Foxp3-­‐	  T	  cells	  prevents	  the	  stop	  signal	  
more	   efficiently	   than	   in	   CD4+	   Treg	   cells	   (Lu	   et	   al.,	   2012).	   In	   murine	   models,	   tumour-­‐
infiltrating	   lymphocytes	   that	   express	  high	   levels	  of	  CTLA-­‐4	   fail	   to	   induce	  effective	   immune	  
responses	   to	   poorly	   immunogenic	   tumours.	   These	   cells	   are	   very	  motile	   cells	   and	   they	   are	  
less	   arrested	   in	   comparison	  with	   conventional	   T	   cells	   (Ruocco	  et	   al.,	   2012).	   These	   findings	  
suggest	  that	  CTLA4+	  T	  cells	  override	  the	  stop	  signal	  and	  reduce	  the	  capacity	  of	  T	  cells	  to	  fully	  
trigger	  an	  immune	  response	  (Figure	  1.10).	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Figure	  1.10:	  CTLA-­‐4	   reverses	   the	  TCR	   stop	   signal:	   In	  physiological	  conditions	  motile	  T	  cells	  
stop	  to	  interact	  with	  the	  target	  cells	  where	  they	  activate	  LFA-­‐1	  to	  reinforce	  the	  engagement	  
(top).	   In	  contrast,	  T	  cells	  that	  express	  high	  levels	  of	  CTLA-­‐4	  fail	  to	  make	  stable	  contact	  with	  
the	  targets	  thereby	  averting	  the	  TCR	  stop	  signal	  (down).	  Reproduced	  from	  (Rudd,	  2008).	  	  	  	  	  
As	   stated	   before	   PD-­‐1	   is	   an	   inhibitory	   molecule	   found	   on	   activated	   T	   cells	   and	   has	   been	  
associated	  with	  immune	  tolerance.	  It	  has	  been	  shown	  that	  PD-­‐1	  suppresses	  the	  TCR-­‐driven	  
stop	   signal	   in	   a	   similar	   way	   to	   CTLA-­‐4.	   Furthermore,	   the	   blockage	   of	   PD-­‐1	   inhibits	   T	   cell	  
migration	  by	  promoting	  stable	  contacts	  with	  the	  target	  cells	   (Fife	  et	  al.,	  2009).	   In	  contrast,	  
the	  blockade	  of	  CTLA-­‐4	  does	  not	  restore	  the	  capacity	  of	  T	  cells	  to	  engage	  the	  targets.	  These	  
phenomena	  support	  the	  idea	  that	  PD-­‐1	  is	  needed	  to	  mediate	  tolerance	  and	  to	  prevent	  T	  cell	  
stop	  signals	  and	  that	  its	  immunosuppressive	  effect	  is	  different	  to	  that	  of	  CTLA-­‐4.	  It	  also	  has	  
been	   reported	   that	   the	   blockage	   of	   PD-­‐1	   promotes	   migration	   of	   T	   cells	   to	   tumours	   by	  
increasing	  the	  production	  of	  INF-­‐γ	  and	  CXCL10	  locally	  (W.	  Peng	  et	  al.,	  2012).	  The	  blockage	  of	  
the	  PD-­‐1	  signalling	  pathway	  promotes	  the	  clearance	  of	  tumours	  in	  humans	  (Brahmer	  et	  al.,	  
2012).	  However,	   in	  other	  experimental	  models	  PD-­‐1	  induces	  T	  cell	  exhaustion	  when	  T	  cells	  
are	  chronically	  exposed	  to	  an	  antigen	   (Schietinger	  &	  Greenberg,	  2014).	   In	   this	  approach,	  T	  
cells	   lose	  the	  capacity	  to	  migrate	  to	  their	  target	  and	  fail	   to	  generate	  an	   immune	  response.	  
The	  blockage	  of	  PD-­‐1	  increases	  the	  mobility	  of	  T	  cells	  and	  a	  rapid	  recovery	  of	  T	  cell	  signalling	  
(Zinselmeyer	  et	  al.,	  2013).	  
The	  presence	  of	   regulatory	   T	   cells	   also	   affects	   the	  migration	  behaviour	  of	   effector	   T	   cells.	  
Conventional	   effector	   T	   cells	   have	   an	   increased	   velocity	   and	   less	   confinement	  when	  Tregs	  
are	  present	  (Lin	  et	  al.,	  2014).	  Furthermore	  the	  contact	  time	  between	  T	  cells	  and	  targets	  cells	  
is	   reduced	   in	   the	  presence	  of	  Tregs.	  The	  disruption	  of	   the	   interaction	  between	  T	  cells	  and	  
their	  targets	  mediated	  by	  Tregs	  depends	  on	  the	  secretion	  of	  IL-­‐10	  in	  the	  environment	  (Lin	  et	  
Nature Reviews | Immunology
CD28
TCR
Peptide–MHC 
complex
Chemokines
CD80 and/or
CD86
ICAM1
DC
Tethered
Tethered, weak contact
Stop
signal
No stop
signal
a
b
Stable, reinforced contact
 ZAP70 microcluster formation
 Ca2+
 IL-2
IL-2
Ca2+
CTLA4
ZAP70 microcluster
No CTLA4 ligation
CTLA4 ligation
LFA1
Continued motility
Lymphocytes use integrins for adhesion 
and transmigration across high endothelial 
venules. CTLA4-mediated integrin activa-
tion might facilitate this process, allowing 
access of activated T cells to sites of inflam-
mation. In lymph nodes, CTLA4+ T cells 
might engage APCs for shorter time periods 
followed by increased motility leading to 
a more frequent re-encounter with other 
APCs. This may res lt in less pronounced 
asymmetric cell division and faster egress 
from the lymph nodes.
The major potential limiting factor of 
these effects could be the as yet established 
effects of chemokines on CTLA4-m diated 
function. It remains possible that chem-
okines may counter the effects of CTLA4 
on T cells, in which case the outcome will 
depend on the local concentration and type 
of chemokine(s) i volved.
In the context of the phenotype of Ctla4–/– 
mice, we recently reported that T cells from 
these diseased mice are actually resistant 
to the induction of a stop signal by CD3 
ligation83. This feature might have developed 
owing to chronic inflammation leading to 
the desensitization of the TCR complex. 
Alternatively, it could represent a population 
of autore ctive T cells tha  ave becom  
resistant to TCR-mediated regulation. In 
either case, this decoupling event would be 
expected to promote more extensive migra-
tion of activate T cells into tissues, resulting 
in delocalized inflammatory resp nses.
Last, our model provides an alternative 
explanation for enhanced antitumour killing 
by CTLA4-specific antibodies84. The exact 
nature of the action of CTLA4-specific anti-
bodi s in clinical trials is n t clear, although 
it has been assumed that they block a nega-
tive signal. Although some CTLA4-specific 
antibodies may block negative signals 
through CD80 and/or CD86, some CTLA4-
specific antibodies may simply reduce dwell 
times between cytolytic T cells (CTLs) and 
tumour cells. Given that the CTL killing of 
targets requires a shorter contact period than 
in the case of antigen presentation, CTLA4 
ligation would provide just enough time for 
the CTL killing of the tumour target fol-
lowed by a rapid move to the next target. In 
this way, CTLA4 ligation by antibody would 
enhance the efficiency of tumour killing by 
maximizing the number of targets killed 
within a given time frame. Overall, this may 
underscore a principal function for CTLA4 
— the ‘fine tuning’ or optimization of sec-
ondary effector r spo ses. It may also oper-
ate in other contexts, such as in the release of 
cytokines, with B cells and other cell types. 
With this controlled reduction in dwell 
times and increased motility, CTLA4 may 
have evolved to maximize the interactions of 
T cells with as many targets as possible over 
a given time frame.
Future prospects
Motility a d migratio  have key roles in 
various biological processes, including 
neuronal differentiation and embryo-
genesis. Surprisingly, little is understood 
regarding the role of these events in thymic 
Figure 3 | The ‘reverse stop-signal’ model. a | T cells normally make initial 
contact with antigen-presenting cells (APCs) owing to exposure to chem-
okines this is followed by T-cell receptor (TCR) ligation, which leads to 
‘inside-out’ signalling that upregulates the expression of lymphocyte 
function-associated antigen 1 (LFA1) adhesion molecules and induces a 
‘stop signal’ that allows for enforced cont ct of the T cell with th  APC 
and efficient TCR ligation. This leads to Z-chain-associated protein kinase 
of 70 kDa (ZAP70) microcluster formation, calcium mobilization and 
eventually cytokine production (for example, interleukin-2 (IL-2)). 
b | Cytotoxic T-lymphocyte antigen 4 (CTLA4) ligation reverses the stop 
signal, thereby interfering with the formation of the immunological syn-
apse and enforced contact with APCs. Instead, although T cells remain 
tethered, they fail to make enforced contact with APCs and have shorter 
dwell times. This leads to a reduction in ZAP70 microcluster formation, 
calcium mobilization and IL-2 production. This would reduce the effi-
ciency of T-cell activation, and raise the threshold ne d d for productive 
TCR signalling. It could also account for CTLA4 involvement in the induc-
tion of T-cell anergy by reducing the efficacy of conjugation, whereas the 
prolonged interaction of certain CTLA4-deficient T cells could allow for 
r activity o self antigen. By contrast, with the shorter dwell-times, CTLA4 
might operate to optimize secondary effector responses. The reduced 
dwell time would provide enough time for effector T cells (that is, cyto-
toxic T lymphocytes) to engage their target and move to the next target. 
This would enhance the efficiency of killing of tumour or virally infected 
cells by maximizing the number of cells killed within a given time frame. 
In lymph nodes, the more rapid dissociation from the APCs could also 
lead to more frequent re-encounters with other APCs and faster egress 
from the lymph node.
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al.,	  2014).	  These	   findings	  could	  explain	  why,	   in	   the	  presence	  of	  Tregs,	   conventional	  T	  cells	  
have	   low	  efficiency	   in	   killing	   their	   targets	   (Mempel	   et	   al.,	   2006).	   Tregs	   themselves	   have	   a	  
different	   pattern	   of	   migration	   in	   comparison	   to	   effector	   T	   cells.	   CD4+CD25+CTLA-­‐4+	   Tregs	  
have	  an	  increased	  contact	  time	  with	  DC	  in	  the	  presence	  of	  cognate	  antigens,	  in	  contrast	  to	  
conventional	  CD4+	  CD25-­‐	  CTLA4+	  T	  cells	  that	  overcome	  the	  TCR	  stop	  signal.	  	  
1.8	  TGF	  Beta	  signalling	  pathway	  	  
	  
TGF-­‐β	  is	  a	  pleiotropic	  molecule	  that	  is	  involved	  in	  various	  biological	  processes,	  including	  cell	  
differentiation,	  proliferation,	  morphogenesis,	  and	  tissue	  reparation.	  This	  is	  possible	  because	  
TGF-­‐β	  targets	  hundreds	  of	  genes	  in	  different	  cell	  types	  (Rubtsov	  &	  Rudensky,	  2007).	  For	  this	  
reason	  the	  malfunctioning	  of	  the	  TGF-­‐β	  signalling	  pathway	  has	  been	  implicated	   in	  diseases	  
of	  immunity,	   inflammation,	  fibrosis	  and	  cancer.	  Furthermore,	  TGF-­‐β	  has	  different	  functions	  
depending	  on	  cellular	  context.	  For	  instance,	  it	  is	  not	  well	  understood	  how	  TGF-­‐β	  can	  inhibit	  
cell	  proliferation	  and	  at	   the	  same	  time	  trigger	  cell	  growth,	  promote	  stem	  cell	  pluripotency	  
but	  also	  differentiation,	  prevent	  malignant	  transformation	   in	  cancer	  cells	  but	  also	  enhance	  
metastasis	   (Rubtsov	  &	  Rudensky,	   2007).	   TGFβ	   can	   increase	  or	   suppress	   gene	   transcription	  
depending	  on	  the	  cellular	  context	  and	  the	  targeted	  gene.	   In	  a	  given	  biological	  context,	  the	  
cell	   response	   for	   TGFβ	   is	   determined	   by	   the	   extracellular	   and	   intracellular	   composition	   of	  
the	  signal	  transduction	  system.	  	  
	  
TGFβ	  is	  secreted	  and	  deposited	  into	  the	  environment	  as	  a	  large	  latent	  complex	  that	  consists	  
of	  a	  latent	  TGFβ	  binding	  protein	  (LTBP)	  binding	  covalently	  to	  a	  small	  latency	  complex	  and	  a	  
latency-­‐associated	  binding	  peptide	  (LAP).	  TGFβ	   is	  not	  able	  to	   interact	  to	   its	  receptors	   in	   its	  
latent	  form	  and	  therefore	  its	  needs	  to	  be	  liberated	  first	  from	  the	  LAP	  and	  LTBP.	  In	  vitro,	  this	  
can	  be	  achieved	  by	  low	  pH,	  heat,	  or	  using	  several	  proteases	  (Derynck	  &	  Zhang,	  2003).	  	  
	  
The	   TGFβ	   signalling	   pathway	   starts	   when	   liberated	   TGFβ	   binds	   to	   a	   receptor.	   The	   TGFβ	  
receptor	  is	  a	  transmembrane	  protein,	  which	  has	  an	  intrinsic	  serine/threonine	  kinase	  activity.	  
There	  are	   two	   types	  of	   TGFβ	   receptors:	   Type	   I	   (TGFβRI,	   also	   termed	  Activin	   Like	  Kinase	  5,	  
ALK5)	  and	  Type	  II	   (TGFβRII),	  both	  of	  which	  have	  a	   large	  intracellular	  cytoplasmic	  domain,	  a	  
transmembrane	   region,	   and	   a	   short	   extracellular	   region	   (Travis	   &	   Sheppard,	   2014).	   The	  
presence	   of	   TGFβ	   triggers	   the	   heterodimerisation	   between	   the	   two	   receptors	   and	  
subsequent	   cross-­‐phosphorylation	   on	   serine	   residues	   within	   their	   cytoplasmic	   domain.	   A	  
phosphorylated	   TGFβ	   receptor	   is	   necessary	   for	   the	   recruitment	   of	   r-­‐SMADs	   (receptor-­‐
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regulated	  SMADs).	  TGFβRI	  phosphorylates	  the	  r-­‐SMADs	  on	  two	  serine	  residues,	  which	  allows	  
them	   to	   form	   complexes	   with	   a	   common	   mediator	   known	   as	   SMAD4.	   This	   complex	  
translocates	  into	  the	  nucleus	  where	  SMAD4	  acts	  as	  a	  transcriptional	  factor	  that	  regulates	  the	  
transcription	  of	  target	  genes,	  both	  positively	  and	  negatively	  (Kamato	  et	  al.,	  2013).	  
1.9	  TGF-­‐	  β	  directly	  affects	  components	  of	  the	  immune	  system	  
	  
As	  mentioned	  previously,	  TGFβ	  is	  a	  cytokine	  that	  affects	  the	  immune	  system	  and	  plays	  a	  key	  
role	   in	  controlling	  T	  cell	   functions.	  TGFβ	   is	  known	  to	  be	  a	  potent	   immunosuppressor.	   In	   in	  
vitro	   models,	   TGFβ	   is	   able	   to	   inhibit	   proliferation	   of	   human	   T	   cells.	   TGFβ	   induces	  
downregulation	  of	  the	  production	  and	  secretion	  of	  IL-­‐2,	  which	  is	  an	  important	  mediator	  for	  
activating	  T	  cells,	  natural	  killer	  cells,	  and	  other	  cells	  of	  the	  immune	  system	  (Pickup,	  Novitskiy,	  
&	  Moses,	   2013).	   The	   function	   of	   TGFβ	   has	   been	   determined	   through	   the	   use	   of	   TGFβ-­‐1-­‐
deficient	  mice.	   The	   lack	   of	   TGFβ	   causes	   the	  mice	   to	   develop	   an	   early	   and	   fatal	  multifocal	  
inflammatory	  disease	  that	  is	  reversed	  by	  reducing	  the	  number	  of	  either	  CD4+	  or	  CD8+	  T	  cells	  
(M.	  O.	  Li	  &	  Flavell,	  2008).	  	  	  	  	  	  	  
	  
It	   has	   been	   shown	   that	   TGFβ	   inhibits	   proliferation	   of	   naive	   T	   cells	   and	   blocks	   their	  
differentiation	  to	  effector	  cells	  (N.	  Zhang	  &	  Bevan,	  2012).	  In	  addition,	  TGF-­‐β	  has	  the	  capacity	  
to	   inhibit	  most	  of	   the	  effector	   functions	   acquired	  by	  naive	  T	   cells	   after	   the	  differentiation	  
process.	  For	  example,	  effector	  CD8+	  T	  cells	  in	  the	  presence	  of	  TGF-­‐β	  do	  not	  acquire	  cytotoxic	  
functions,	   and	   CD4+	   T	   cells	   fail	   to	   differentiate	   into	   Th1	   or	   Th2	   cells	   (Zhu	   &	   Paul,	   2010).	  
Importantly,	   TGFβ	   reduces	   the	   expression	   of	   genes	   that	   are	   necessary	   for	   the	   cytotoxic	  
activity	  of	  CTLs.	  In	  the	  presence	  of	  TGFβ,	  CTLs	  downregulate	  Granzyme	  b,	  perforin	  and	  Fas-­‐L,	  
reduce	   the	   secretion	  of	   IL-­‐2	   and	   INF-­‐γ,	   impairing	   their	   capacity	   to	   kill	   their	   targets	   and	   to	  
respond	  to	  TCR	  activation	  (Thomas	  &	  Massague,	  2005).	  Therefore,	  TGFβ	  enforces	  tolerance	  
by	  limiting	  T	  cell	  activation	  through	  modulating	  the	  expression	  of	  key	  genes	  involved	  in	  the	  
killing	  of	  target	  cells	  (Figure	  1.11).	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Figure	   1.11:	   TGF-­‐β 	   immunosuppressant	   component	   of	   the	   immune	   system.	   TGF-­‐β 	   is	   a	  
potent	   immunosuppressive	   cytokine.	   TGF-­‐β	   blocks	   the	   differentiation	   of	   naïve	   cells	   to	  
effector	   T	   cells	   (left).	   TGF-­‐β 	   induces	   differentiation	   to	   regulatory	   T	   cells	   	   	   (Tregs),	   which	  
exerts	   immunosuppression	   on	   other	   T	   cell	   populations	   (right).	   Adapted	   from	   (Banchereau,	  
Pascual,	  &	  O'Garra,	  2012).	  
	  	  
TGF-­‐β	   also	   promotes	   immunosuppression	   by	   generating	   regulatory	   T	   cells	   (Tregs).	   This	  
population	   of	   regulatory	   T	   cells	   has	   the	   ability	   to	   inhibit	   effector	   T	   cells,	   thereby	   inducing	  
immunological	   tolerance	   against	   self	   and	   non-­‐self	   antigens	   (Josefowicz,	   Lu,	   &	   Rudensky,	  
2012).	   Treg	   cells	   are	   T	   cells	   that	   suppress	   the	   immune	   system	   thereby	   avoiding	   the	  
potentially	  noxious	  activities	  of	  effector	  T	  cells.	  For	   instance,	  Tregs	  are	   thought	   to	  prevent	  
autoimmune	   disease	   by	   maintaining	   immunologic	   self-­‐tolerance.	   For	   this	   reason,	   the	  
generation	  and	  maintenance	  of	  Tregs	  are	  important	  as	  these	  processes	  limit	  the	  magnitude	  
of	   the	   immune	   response.	   Tregs	   can	   suppress	   the	   immune	   system	   by	   producing	  
immunosuppressive	  cytokines	  such	  as	  TGF-­‐β	  and	  IL-­‐10	  thereby	  reducing	  cell	  proliferation	  in	  
naïve	   T	   cells	   and	   blocking	   their	   differentiation	   to	   effector	   T	   cells	   (Mempel	   et	   al.,	   2006).	  
Furthermore,	  it	  is	  widely	  accepted	  that	  Tregs	  do	  not	  only	  secrete	  TGF-­‐β	  to	  the	  surrounding	  
environment,	   but	   also	   express	   TGF-­‐β	   at	   their	   plasma	   membrane,	   known	   as	   membrane-­‐
bound	   TGF-­‐β	   (mTGF-­‐β)	   (Ostroukhova	   et	   al.,	   2004).	   In	   this	   manner,	   Tregs	   can	   suppress	  
effector	  T	  cells	  by	  direct	  interaction	  with	  both	  naïve	  and	  effector	  T	  cells.	  mTGF-­‐β	  can	  bind	  to	  
the	  TGFβRI	  and	  trigger	  a	  signalling	  pathway	  through	  the	  activation	  of	  R-­‐SMADs	  in	  the	  same	  
way	  as	  soluble	  TGF-­‐β	  does	   (Ahn,	  Lee,	  Sung,	  &	  Heo,	  2009).	   It	  has	  been	  reported	  that	  some	  
cancer	  cells	  express	  mTGF-­‐β	  on	  their	  surface,	  which	   inhibits	   the	  proliferation	  and	  cytokine	  
production	   of	   tumour-­‐infiltrating	   lymphocytes	   through	   cell-­‐cell	   contacts	   (Z.	   Z.	   Yang	   et	   al.,	  
2013)	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Tregs	  are	  classified	  according	  to	  their	  cytokine	  secretion	  profile	  and	  surface	  phenotype.	  The	  
most	   studied	   population	   of	   Tregs	   consists	   of	   CD4+CD25+	   Tregs.	   This	   population	   of	   T	   cells	  
develops	  in	  the	  thymus	  and	  expresses	  high	  levels	  of	  CD25	  and	  Foxp3.	  Like	  other	  types	  of	  T	  
cell	  populations,	  Tregs	  express	  TCR,	  which	  allows	  specific	  recognition	  of	  antigenic	  peptides	  
in	   the	   context	   of	  MHC	   class	   I	   and	   II	  molecules.	   In	   vitro	   experiments	   have	   shown	   that	   the	  
immunosuppressive	  capacity	  of	  Tregs,	  like	  that	  of	  effector	  T	  cells,	  depends	  on	  the	  activation	  
of	   the	   TCR	   through	   the	   recognition	  of	   the	   antigen.	   For	   example,	   ovalbumin	   (OVA)-­‐specific	  
TCR	   transgenic	   cells	   were	   selected	   to	   become	   Treg	   cells	   only	   when	   OVA	   peptide	   was	  
expressed	   in	   the	   thymus.	   Similar	   results	  were	   obtained	   using	   haemagglutinin-­‐specific	   TCR	  
transgenic	   cells.	   A	   recent	   study	   showed	   that	   Tregs	   exhibit	   stronger	   TCR	   stimulation	  
compared	  to	  conventional	  T	  cells,	  as	  measured	  by	  the	  expression	  of	  Nur77,	  which	  is	  a	  gene	  
that	  is	  expressed	  early	  upon	  TCR	  activation	  (Moran	  et	  al.,	  2011).	  Therefore,	  TCR	  activation	  is	  
necessary	  for	  generating	  Tregs	  that	  secrete	  the	  active	  form	  of	  TGFβ	  (Figure	  1.12).	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  
Figure	   1.12:	   TCR	   activation	   is	   necessary	   for	   the	   development	   of	   regulatory	   T	   cells.	  
Recognition	   of	   the	   antigen	   by	   T	   cells	   is	   necessary	   for	   differentiation	   to	   regulatory	   T	   cells	  
(Tregs).	   The	   strength	   of	   TCR	  activation	  and	   IL-­‐2	   are	   key	   components	   for	   the	   generation	   of	  
Tregs.	  Reproduced	  from	  (Josefowicz	  et	  al.,	  2012).	  	  	  	  	  	  	  	  	  
	  
Consistent	   with	   this	   finding,	   Tregs	   induced	   by	   TGFβ	   and	   IL-­‐2	   exhibited	   high	   levels	   of	  
phosphorylated	  kinases	  related	  to	  TCR	  activation	  such	  Lck,	  Fyn	  and	  ERK	  at	  comparable	  levels	  
as	  effector	  T	   cells.	   	   Interestingly,	  phosphorylated	  Lck	  on	  Tregs	   is	  even	  higher	   than	   that	  on	  
effector	   T	   cells	   without	   TCR	   stimulation.	   This	   data	   reveals	   that	   induced	   Tregs	   in	   resting	  
conditions	  are	  constitutively	  activated	  in	  a	  TCR	  independent	  way.	  This	  phenomenon	  may	  be	  
explained	   by	   the	   fact	   that	   Tregs	   express	   high	   levels	   of	   CD25,	  which	   is	   a	   receptor	   for	   IL-­‐2.	  
Thus,	   Lck	   may	   be	   phosphorylated	   through	   CD25	   without	   triggering	   the	   TCR	   signalling	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prosurvival molecules are highly expressed in
Treg cells in a Foxp3-dependent manner.
However, a considerable body of recent
work points to an instructive role for TCR
signaling in Foxp3 induction and Treg cell dif-
ferentiation. In addition to the aforementioned
studies of TCR transgenicmice, sequence anal-
ysis of polyclonal TCR repertoires displayed
by Treg versus non-Treg cells bearing a single
transgene-encoded TCRβ chain showed that
Treg TCRα sequences were of broad variety
and only partially overlapped with TCRα se-
quences in non-Treg cells (52–55). Retroviral
expression of either Treg or naive CD4+ TCR
in effector T cells of a defined specificity for a
single foreign antigen demonstrated that Treg
TCRs exhibit increased self-reactivity. This
self-reactivity manifested in the capacity of
effector T cells transfected with Treg TCR for
robust expansion and induction of autoimmune
disease upon transfer into lymphopenic recip-
ient mice. However, these same pathogenic
T cells with Treg TCRs can mount only
weak in vitro responses to syngeneic APCs
relative to the robust responses these cells can
mount against the transgenic TCR-recognized
foreign ligand (52). These data indicate that
the affinity range of conventional TCRs that
recognize foreign antigen during a typical im-
mune response is above the range of affinities of
Treg TCRs for self antigens. Therefore, Treg
cell selection is likely instructed by TCRs with
affinities or avidities for self peptide-MHC
ligands in the range between those that mediate
positive selection of conventional CD4+ T
cells and stronger signals in self-reactive T cells
that mediate their negative selection under
normal conditions (see Figure 1).
In support of this hypothesis, partially
impaired negative selection that is due to
diminished quantities of MHC class II expres-
sion in mTEC was accompanied by increased
frequencies of Treg cells (56). Similarly,
increased negative selection in the absence
of TGF-β receptor (TGF-βR) expression on
double-positive (DP) and SP thymocytes led to
reduced production of Foxp3+ cells in neonates
(57). Foxp3 gene expression did not affect the
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Figure 1
TCR signal strength instructs CD4+ thymocyte fate
and regulatory T cell differentiation. Immature
CD4 single-positive (SP) thymocytes receive TCR
signals of varied strength via interactions with
peptide-MHC on antigen-presenting cells. The
strength of TCR signals (or functional avidity, based
on a composite of indivi ual peptide-MHC-TCR
interaction affinity and peptide-MHC abundance)
and their duration determines CD4 SP thymocyte
fate. Upon reception of a TCR signal of high
strength, most CD4 SP thymocytes undergo
programmed cell death. A number of CD4 SP
thymocytes receiving TCR signals of intermediate
strength are able to escape deletion and are enriched
for cells that are instructed to differentiate into
Foxp3+ Tr g cells. Wei t of arrows reflects
relative probability of the indicated outcomes.
extent or sensitivity of negative selection in thy-
mocytes by high-affinity TCR ligand (33, 34),
and furthermore, TCR utilized by Treg cells
in Foxp3-sufficient mice are found on activated
T cells in Foxp3-deficient mice, a finding that
is consistent with their escape from negative
selection despite a lack of Foxp3 expression
(33). Finally, further support for a role of TCR
signaling in this process comes from two exper-
iments: (a) in mice harboring a Foxp3 reporter
null allele (Foxp3GFPKO) that was generated
upon insertion of a GFP coding sequence into
the Foxp3 locus with a concomitant ablation
of the Foxp3 protein expression (23) and
(b) in mice expressing a truncated Foxp3
protein. In both of these cases, thymocytes
expressing these nonfunctional alleles were
readily detectable. These cells—considered
an equivalent to Treg cell precursors, with
self-reactive TCRs—are not deleted but
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pathway.	   This	   data	   suggests	   an	   alternative	   mechanism	   in	   which	   Lck	   activation	   may	   be	  
modulated	  by	  CD25.	  	  
	  
It	  has	  been	  reported	  that	  several	  populations	  of	  CD8	  T	  cells	  have	  the	  ability	  to	  suppress	  the	  
immune	  system	  in	  a	  similar	  way	  to	  CD4	  Tregs.	  The	  role	  of	  CD8	  suppressor	  T	  cells	  has	  been	  
determined	   by	   using	   murine	   models	   of	   experimental	   encephalomyelitis	   (Fletcher,	   Lalor,	  
Sweeney,	   Tubridy,	   &	   Mills,	   2010).	   Depletion	   of	   CD8	   T	   cells	   in	   mice	   results	   in	   severe	  
autoimmune	   arthritis	   and	   autoimmune	  myocarditis.	   Increasing	   evidence	   has	   also	   shown	   a	  
role	   for	   regulatory	  CD8	  Tregs	   in	  allergy,	  asthma	  and	  cancer	   (Niederkorn,	  2008).	  Therefore,	  
several	  types	  of	  CD8	  Tregs	  have	  been	  described	  with	  different	  phenotypes	  and	  suppressive	  
mechanisms	   in	   humans	   and	  mice.	   For	   instance,	   TGFβ	   induces	   CD8	   Tregs	  with	   suppressive	  
activities	   in	  vitro	  and	   in	  vivo.	  These	  cells	  express	   lower	   levels	  of	  Foxp3	  than	  CD4	  Tregs	  but	  
also	  express	  increased	  levels	  of	  CD103	  (Y.	  Liu	  et	  al.,	  2014).	  Thus,	  CD103	  has	  been	  considered	  
a	  hallmark	  of	  CD8	  Tregs	  and	  they	  have	  a	  key	  role	  in	  the	  tolerance	  of	  the	  immune	  response	  
against	  tumours	  (Anz	  et	  al.,	  2011).	  The	  presence	  of	  CD8	  Tregs	  in	  the	  tumour	  is	  related	  with	  
poor	   prognosis	   in	   cancer	   patients	   (Gobert	   et	   al.,	   2009).	   It	   has	   been	   reported	   that	   CD103	  
Tregs	   express	   a	   set	   of	   chemokine	   receptors	   similar	   to	   activated	   T	   cells	   and	   in	   this	   way	  
favourably	  migrate	   to	   inflamed	  sites,	   thereby	  explaining	   the	  accumulation	  of	   these	  cells	   in	  
the	  tumour	  (Huehn	  et	  al.,	  2004).	  	  	  	  	  	  	  	  
1.10	  The	  Immune	  system	  in	  the	  Tumour	  Microenvironment	  	  
Cancers	   harbour	   marked	   genetic	   and	   cellular	   heterogeneity	   with	   different	   cell	   types	  
interacting	  with	  each	  other	  and	  with	  the	  ECM	  in	  an	  intricate	  network	  of	  soluble	  signals	  that	  
impinges	   on	   cell	   proliferation,	  migration,	   differentiation	   and	   cell	   death	   (Tlsty	  &	   Coussens,	  
2006).	   Hence,	  many	   factors	   in	   the	   tumour	  microenvironment	   including	   stromal	   reactions,	  
heterotypical	   interactions,	   hypoxia,	   nutrient	   availability	   and	   in	   some	   cases	   hormonal	   cues	  
(Cunha,	   Hayward,	   Wang,	   &	   Ricke,	   2003)	   modulate	   overall	   tumour	   phenotypes	   further	  
increasing	  tumour	  heterogeneity.	  	  	  
	  
The	   immune	   system	   can	   recognise	  malignant	   cells	   as	   foreign	   agents	   and	  eliminates	   them.	  
There	   are	   two	   ways	   by	   which	   the	   immune	   system	   reacts	   against	   cancer	   cells,	   by	   acting	  
against	   specific	   antigens	   that	   are	   expressed	   uniquely	   in	   cancer	   cells	   or	   by	   acting	   against	  
tumour	   associated	   antigens	   where	   certain	   molecules	   are	   expressed	   differently	   between	  
cancer	  cells	  and	  normal	  cells.	   In	  animal	  models,	   the	   immune	  response	  against	  cancer	  cells	  
can	  trigger	  three	  different	  scenarios:	  the	  destruction	  and	  elimination	  of	  cancer	  cells;	  cancer	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equilibrium,	   in	   which	   the	   tumour	   is	   less	   immunogenic	   and	   there	   is	   a	   selection	   of	   some	  
cancer	  clones	  that	  are	  resistant	  to	  the	  immune	  response;	  and	  finally	  the	  tumour	  grows	  and	  
escapes	  the	  immune	  system	  entirely	  (Finn,	  2008)	  (Figure	  1.13).	  	  
	  
	  
Figure	  1.13:	  The	  tumour	  microenvironment	  immunosuppresses	  the	  immune	  system.	  T	  cells	  
can	  recognise	  tumour	  antigens	  through	  the	  engagement	  of	  the	  TCR	  with	  the	  MHC	  complex.	  
Thus,	  T	  cells	   can	  exert	   their	  effector	   function	  where	   the	   final	  outcome	   is	   the	  elimination	  of	  
the	  cancer	  cells	  (left).	  Some	  tumours	  secrete	  immunosuppressive	  cytokines	  such	  as	  IL-­‐10	  and	  
TGF-­‐β	   thereby	  affecting	   the	   effector	   function	  of	   T	   cells	   to	   kill	   the	   cancer	   cells.	   In	   this	  way,	  
tumours	  scape	  to	  the	  immune	  response	  (right).	  Reproduced	  from	  (Monjazeb	  et	  al.,	  2013)	  	  	  	  	  	  	  	  	  
Thus,	   the	   immune	   system	   has	   been	   considered	   to	   be	   the	   first	   line	   of	   protection	   against	  
cancer	  in	  a	  process	  known	  as	  immunoediting.	  In	  fact,	  the	  presence	  or	  absence	  of	  T	  cells	  in	  a	  
resected	   tumour	   can	  predict	   the	   clinical	   outcome	  more	  accurately	   than	   tumour	   stage	  and	  
nodal	  status,	  which	  are	  the	  gold	  standards	  for	  prognosis	  (Adams	  et	  al.,	  2014).	  A	  recent	  study	  
found	  that	  patients	  with	  heart	  or	   lung	  transplants,	  who	  are	   immunosuppressed	  to	  prevent	  
graft	  rejection,	  have	  7.1	  times	  higher	  risk	  of	  developing	  cancer	  than	  the	  general	  population	  
(Roithmaier	  et	  al.,	  2007).	  	  
Cancer	   cells	   can	   escape	   the	   immune	   system	   both	   systemically	   or	   locally	   in	   the	  
microenvironment	  of	  the	  tumour	  (Rabinovich,	  Gabrilovich,	  &	  Sotomayor,	  2007).	  	  It	  is	  widely	  
accepted	   that	   the	   tumour	   microenvironment	   contains	   high	   levels	   of	   immunosuppressive	  
cytokines	   such	   as	   TGFβ	   (Teicher,	   2007),	   soluble	   Fas	   ligand	   (Houston,	   Bennett,	   O'Sullivan,	  
Shanahan,	   &	   O'Connell,	   2003)	   and	   the	   immunosuppressive	   enzyme	   indolamine-­‐2,	   3-­‐
dioxygenase	   (Uyttenhove	   et	   al.,	   2003).	   Even	   though	   some	   tumours	   express	   immunogenic	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antigens,	   they	   produce	   immunosuppressive	   cytokines,	   including	   TGFβ	   or	   IL-­‐10,	   to	   expand	  
and	  avoid	  immune	  surveillance	  (Neuzillet	  et	  al.,	  2014).	  	  In	  murine	  models,	  some	  tumours	  can	  
induce	   Tregs	   from	   antitumor	   effector	   T	   cells	   thereby	   escaping	   the	   immune	   response.	  
Furthermore,	  the	  immunosuppression	  driven	  by	  the	  tumour	  can	  be	  systemic.	  Patients	  with	  
melanoma	  have	  an	   increased	  number	  of	  Tregs	   in	   the	  peripheral	  blood	   (Fecci	  et	  al.,	  2006).	  
Increased	  numbers	  of	  activated	  granulocytes	  and	  myeloid-­‐derived	  suppressor	  cells	  have	  the	  
capability	  to	  suppress	  tumour-­‐specific	  T	  cells	  in	  patients	  with	  colorectal	  cancer	  or	  pancreatic	  
cancer	   (Schmielau	   &	   Finn,	   2001).	   TGFβ	   is	   elevated	   in	   the	   plasma	   of	   melanoma	   patients	  
(Krasagakis	  et	  al.,	  1998).	  
1.11	  TGF-­‐β	  is	  the	  target	  of	  different	  pharmacological	  strategies.	  	  
Several	   drugs	   have	   been	   developed	   to	   target	   the	   TGF-­‐β	   signalling	   pathway.	   The	   design	   of	  
new	  drugs	   includes	   the	  development	  of	  small	  molecule	   inhibitors,	  downregulation	  of	  gene	  
expression	   and	  monoclonal	   antibodies	   (Akhurst	  &	  Hata,	   2012).	   Some	  have	   been	   tested	   in	  
clinical	  trials	  with	  some	  reaching	  Phase	  III.	  It	  has	  been	  shown	  that	  some	  TGF-­‐β	  inhibitors	  are	  
able	  to	  reduce	  metastasis	  and	  cancer	  progression	  in	  preclinical	  trials	  (Heldin,	  Vanlandewijck,	  
&	  Moustakas,	  2012).	  Almost	  every	  element	  of	  the	  TGF-­‐β	  pathway	  has	  been	  targeted	  for	  drug	  
development.	  TGF-­‐β	  can	  be	   inhibited	  by	  the	  administration	  of	  a	  soluble	  receptor	  construct	  
that	   sequesters	   the	   ligand,	   using	   TβRII	   or	   TβRI	   kinase	   inhibitors	   and	   TGF-­‐β	   neutralizing	  
antibodies	  (Heldin	  et	  al.,	  2012).	  Using	  antisense	  oligonucleotides	  can	  reduce	  the	  expression	  
of	  TGF-­‐β	  by	  avoiding	  the	  transduction	  of	  the	  mRNA.	  Small	  molecules	  have	  been	  developed	  
to	  inhibit	  the	  kinase	  activity	  of	  the	  TGF-­‐β	  receptor	  (Akhurst	  &	  Hata,	  2012).	  Other	  strategies	  
prevent	   the	   activation	   of	   TGF-­‐β	   from	   its	   latent	   state	   (Nagaraj	   &	   Datta,	   2010).	   All	   these	  
strategies	   aim	   to	   decrease	   the	   initiation	   of	   the	   intracellular	   receptor	   signalling	   pathway	  
where	  the	  final	  outcome	  is	  preventing	  the	  phosphorylation	  of	  the	  R-­‐SMAD,	  thereby	  blocking	  
the	  transcriptional	  regulation	  of	  target	  genes	  of	  TGF-­‐β.	  	  
The	   small	   molecule	   inhibitors	   specifically	   target	   the	   TGFβRI	   and	   inhibit	   the	   signalling	  
pathway	  through	  R-­‐SMAD,	  but	  these	  are	  not	  capable	  of	  inhibiting	  other	  alternative	  signalling	  
pathways	  such	  as	  the	  non-­‐canonical	  responses.	   In	  general	  these	  drugs	  mimic	  ATP	  and	  bind	  
competitively	   to	   the	  hydrophobic	  ATP	  binding	  pocket	   in	   the	   receptor	  kinases.	  These	  drugs	  
are	  either	  imidazole	  or	  pyrazole-­‐based	  inhibitors	  (Figure	  1.14).	  Both	  have	  a	  CI:50	  in	  the	  order	  
of	  nano-­‐	  and	  micromolar.	  These	  small	  inhibitors	  have	  been	  tested	  in	  a	  number	  of	  subclinical	  
and	   clinical	   trials	   in	   various	   cancer	   types.	   For	   instance,	   SD-­‐208	   has	   been	   shown	   to	   inhibit	  
primary	   tumour	   growth	   and	  metastasis	   in	  murine	  models	   (Mohammad	   et	   al.,	   2011).	   This	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drug	   also	   prevents	   the	   development	   of	   bone	  metastases	   in	  mice	  with	  melanoma.	   SD-­‐208	  
reduces	  motility	  and	  invasion	  of	  cancer	  cell	  lines	  of	  pancreatic	  adenocarcinoma	  using	  in	  vitro	  
models	  (Gaspar	  et	  al.,	  2007).	  SB-­‐431542,	  another	  small	  molecule,	  inhibits	  the	  effects	  of	  TGF-­‐
β	   in	   cancer	   cells,	   including	   cell	  motility,	  migration	   and	   invasion	   in	   human	   cancer	   cell	   lines	  
(Halder,	  Beauchamp,	  &	  Datta,	  2005;	  Hjelmeland	  et	  al.,	  2004).	  The	  small	  molecule	  LY2157299	  
was	  found	  to	  be	  safe	  and	  well-­‐tolerated	  in	  patients	  with	  glioblastoma	  (Rodon	  et	  al.,	  2014).	  It	  
has	   also	   been	   shown	   to	   have	   antitumor	   effects	   in	   patients	   with	   advanced	   hepatocellular	  
carcinoma	   (Giannelli,	   Villa,	   &	   Lahn,	   2014).	   The	   inhibition	   of	   TGF-­‐β	   enhances	   the	  
chemotherapy	  action	  against	   triple	  negative	  breast	   cancer	   cells	   (Bhola	  et	  al.,	   2013).	   These	  
results	  suggest	  that	  small	  molecule	  inhibitors	  of	  TGF-­‐β	  receptors	  may	  offer	  a	  novel	  therapy	  
in	   different	   types	   of	   cancer;	   however	   the	   only	   company	   to	   continue	   to	   target	   TGF-­‐βRI	   by	  
using	  small	  molecules	  is	  Eli	  Lilly	  with	  LY2157299	  (Akhurst	  &	  Hata,	  2012).	  	  
	  
Figure	  1.14.	  Molecular	  structure	  of	  small	  molecules	  that	  target	  the	  TGFβRI:	  On	  the	  left,	  an	  
imidazole	   base	   inhibitor	   and	   on	   the	   right,	   a	   pyrazole	   base	   inhibitors.	   Reproduced	   from	  
(Yingling,	  Blanchard,	  &	  Sawyer,	  2004).	  
The	  inhibition	  of	  the	  TGF-­‐β	  signalling	  pathway	  also	  has	  an	  effect	  on	  cells	  from	  the	  immune	  
system.	  For	  instance,	  the	  inhibition	  of	  TGF-­‐β	  in	  T	  cells	  can	  also	  be	  used	  as	  therapy	  for	  already	  
established	   tumours.	   It	   has	   shown	   that	   the	   blockade	   of	   TGF-­‐β	   leads	   to	   the	   generation	   of	  
effector	  T	  cells	   that	   respond	  against	   the	   tumour.	   In	   this	  way,	  TGF-­‐	  β	   inhibition	  plays	  a	  key	  
role	   in	   promoting	   tumour-­‐eradicating	   immunity	   (Gorelik	  &	   Flavell,	   2001). CTLs	   transduced	  
with	   an	   aberrant	   TGFβR,	   which	   lack	   the	   cytoplasmic	   domain,	   are	   resistant	   to	   the	  
immunosuppressive	   effects	   of	   TGF-­‐β	   in	   in	   vitro	  models	   (Bollard	   et	   al.,	   2002).	   These	   cells	  
maintain	   the	  ability	   to	   recognise	  and	  eliminate	  cancer	   cells	  even	   in	   the	  presence	  of	  TGF-­‐β	  
that	   is	   secreted	  by	   lymphoma	   cancer	   cells	   (Foster	   et	   al.,	   2008).	   Thus,	   TGF-­‐β	   inhibition	  not	  
only	   has	   anti-­‐tumorigenic	   proprieties	   through	   affecting	   cancer	   cells,	   but	   can	   also	   increase	  
the	  immune	  response	  against	  tumours.	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manner82. The ability of SB-505124 to inhibit ALK4
indicates that in addition to affecting TGF-β signalling,
this compound will modulate activin-dependent activa-
tion f SMAD2 an  SMAD3. The impact or significance
of this broader activity on tumour biology is currently
n t clear.
These compounds have also proved to be effective
against TGF-β-induced EMT, which, as previously
mentioned, leads to tumour-cell invasion and meta-
stasis. In NMuMG (normal murine mammary epithelial)
cells, a 1-µM concentration of the quinazoline-derived
inhibitor SD-093 (assumed to be structurally related to
NPC-30345), and a 2-µM concentration of compound
LY580276, were both shown to inhibit EMT44,93.
Furthermore, SD-093 can inhibit the basal migratory
and invasive phenotype that is generated by autocrine
TGF-β signalling in SMAD4-deficient BxPC-3 pan-
creatic cancer cells, without affecting the morphological
characteristics of these cells94.
Another inhibitor, SD-208, was recently shown to
inhibit the growth of intracranial SMA-560 gliomas in
syngeneic mice, and also showed in vivo kinase inhibi-
tion in the spleen and brain95. Efficacy analysis in the
SMA-560 model showed a survival advantage in the SD-
208-treated animals. Interestingly, antitumour efficacy
in this model did not correlate with changes in angio-
genesis, proliferation or apoptosis, but instead corre-
lated with immune-cell infiltration into responding
tumours. This result highlights the therapeutic potential
of combating TGF-β-mediated immunosuppression
to generate a significant immunological response.
Furthermore, there is potential to combine TGF-β
signalling inhibitors with immunomodulators in the
clinic to achieve synergistic responses.
heterocyclic core, might well have a different binding
mode than has been observed so far. Compound NPC-
30345 is believed to be of this structural class, and X-ray
crystallographic studies of this inhibitor bound with an
inactive conformation of ALK5 have been reported, but
because they rev al only the electr n density of the
molecule the precise binding mode remains unknown91.
Several studies have shown the efficacy of using
small molecules to inhibit the TGF-β type I receptor
kinase ALK5. Representatives of the dihydropyrrolopy-
razole series, for example, have shown excellent activity
in both enzyme inhibition and cell-based assays:
LY580276 inhibited ALK5 with an IC50 of 175 nM, and
potent activity was also observed in a TGF-β-dependent
luciferase (p3TP Lux) reporter assay (IC50 = 96 nM).
This compound also proved to be highly selective in a
panel of 40 kinases, including p38 MAP kinase (IC50 >
10 µM)44,81. Furthermore, pyrazole 2 (FIG. 3b) has been
reported to have an IC50 of 4 nM in an ALK5 auto-
phosphorylation assay, an IC50 of 18 nM in a TGF-β-
dependent cellular assay and was also found to be highly
selective against p38 MAP kinase (IC50 >16 µM)84.
Compound SB-505124 has been shown to inhibit the
purified kinase domain of ALK5 (IC50 value = 47 nM).
This imidazole-based structure is derived from an earlier
set of compounds that initially evolved from a known
series of p38 MAP kinase inhibitors92. Byfield et al. have
shown that SB-505124 also inhibits the kinase domain of
ALK4 (IC50 = 129 nM) and ALK7, but not of ALK2, at
concentrations of up to 10 µM. In addition, SB-505124
has been shown to inhibit TGF-β-stimulated, but not
epidermal growth factor (EGF)-stimulated, activation
of MAP kinase pathways, and to block TGF-β-induced
cell death in FaO cells in a concentration-dependent
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Figure 4 | Co-crystallization data for TβRI kinase inhibitors. a | X-ray crystal structure of dihydropyrrolopyrazole inhibitors
LY550410 (thin bonds; see FIG. 3a) and LY580276 (thick bonds; see FIG. 3a) bound to the ATP-binding site of the transforming
growth factor-β receptor I (TβRI) kinase domain. The key interactions for the common binding mode observed with these two
compounds include warhead hydrogen bonding with the histidine 283 amide N-H mediated by a nitrogen atom (LY550410) or a
fluorine atom (LY580276). The water molecule (red sphere), w ich is held in place with hydroge  bonds fo med through the pyridine
nitrogen, glutamic acid 245 and tyrosine 249, is also visible. Note that the aspartic acid 351 side chain is swung away from the
dihydropyrrolopyrazole scaffold in these examples. b | X-ray crystal structure of pyrazole inhibitor (compound 2; FIG. 3b) bound to
the ATP-binding site of the TβR-I kinase domain. The principal binding mode is virtually identical to that observed for the
dihydropyrrolopyrazole inhibitors (a), with the 5-position nitrogen of the 1,5-naphthyridine ring system mediating the key warhead
hydrogen bond. However, a difference observed with this pyrazole scaffold is the hydrogen bonding of the pyrazole nitrogen atoms
with residues Asp351 and lysine 232, interactions that are absent in the dihydropyrrolopyrazole examples. Part b reproduced with
permission from REF. 84 © (2004) American Chemical Society.
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CTLs	   are	   responsible	   for	   the	   clearance	   and	   elimination	   of	   cancer	   cells.	   They	   can	   navigate	  
virtually	  any	  type	  of	  tissue	  whilst	  scanning	  for	  cognate	  antigen.	  Upon	  encountering	  a	  target	  
cell,	  CTLs	  stop	  in	  order	  to	  deliver	  their	  cytotoxic	  function,	  a	  process	  driven	  by	  the	  activation	  
of	  the	  TCR	  (Rudd,	  2008).	  Furthermore,	  the	  scanning	  of	  antigens	  is	  highly	  dependent	  on	  the	  
environment	   surrounding	   CTLs.	   For	   instance,	   in	   the	   tumour	  microenvironment,	   CTLs	   scan	  
tumour	   antigens	   in	   a	   random	   fashion	   (Textor	   et	   al.,	   2014).	   When	   CTLs	   recognize	   their	  
cognate	  antigen	   they	  slow	  down	   in	  order	   to	   interact	  with	   target	  cells.	  A	   stable	   interaction	  
between	  Target/T	  cells	   is	  crucial	   for	   the	  complete	  killing	  of	   the	  pathogen.	  However,	  under	  
some	  circumstances	  T	  cells	  express	  regulatory	  molecules	  that	  affect	  their	  capacity	  to	  make	  
stable	   interactions	  with	   target	   cells.	   For	   instances,	   PD-­‐1+	  or	   CTLA-­‐4+	   T	   cells	   are	  unable	   to	  
engage	  with	   target	   cells	   impairing	   their	   capacity	   to	   kill	   the	   latter	   (Das	   et	   al.,	   2015).	   It	   has	  
been	  thought	  that	  the	  tumour	  microenvironment	  induces	  the	  expression	  of	  these	  regulatory	  
molecules	  in	  T	  cells	  as	  a	  strategy	  to	  avoid	  the	  immune	  system.	  TGF-­‐β	  is	  another	  regulatory	  
molecule	   that	   is	   highly	   produced	   in	   the	   tumour	   microenvironment	   (Taylor,	   Lee,	   &	  
Schiemann,	   2011).	   TGF-­‐	   β	   regulates	   negatively	   cytolytic	   genes	   in	   CTLs	   diminishing	   the	  
immune	   response	   against	   cancer	   cells	   (Thomas	   &	   Massague,	   2005).	   In	   addition,	   several	  
studies	  have	  suggested	  that	  TGF-­‐β	  induces	  a	  regulatory	  phenotype	  in	  effector	  T	  cells	  where	  
they	  can	  directly	  inhibit	  the	  cytotoxic	  activity	  of	  other	  CTLs.	  However,	  it	  is	  still	  unknown	  how	  
TGF-­‐β	  affects	  the	  migration	  behaviour	  of	  CTLs	  and	  its	  consequences	  in	  the	  scanning	  strategy	  
to	  search	  their	  cognate	  antigen.	  	  	  
	  
At	  the	  end	  of	  this	  thesis	  we	  aim	  to	  evaluate	  how	  the	  actomyosin	  cytoskeleton	  is	  involved	  in	  
the	   migration	   behaviour	   of	   CTLs.	   It	   is	   widely	   known	   that	   T	   cells	   display	   an	   amoeboid	  
movement	  with	  a	  very	  dynamic	  leading	  edge	  and	  a	  uropod	  in	  the	  rear	  (Biro	  et	  al.,	  2014).	  This	  
conformation	   of	   the	   actomyosin	   cortex	   guarantees	   an	   efficient	  migration	   of	   T	   cells	   in	   any	  
kind	   of	   microenvironment	   (Chi	   et	   al.,	   2014).	   Here	   we	   show	   that	   the	   inhibition	   of	   each	  
component	   of	   the	   actomyosin	   cortex,	   T	   cells	   display	   different	   conformation	   of	   the	   actin	  
filaments	  and	  produce	  different	  type	  of	  protrusion.	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Chapter	  2	  
Cryopreservation	  as	  an	  alternative	  
source	  of	  functional	  primary	  cytotoxic	  
T	  cells	  	  
2.1)	  Aims	  	  
Irreproducibility	  appears	  to	  be	  a	  growing	  problem	  in	  experimental	  research.	  Because	  there	  
are	  variables	  that	  are	  difficult	  to	  control,	   it	   is	   impossible	  to	  make	  true	  replications	  (Takata,	  
Naruto,	  &	  Takiguchi,	   2012).	   For	   instance,	   researchers	   can	  often	  not	  use	   the	   same	  animals	  
twice	   and	   even	   if	   they	   use	   animals	   with	   the	   same	   age,	   sex	   and	   strain	   it	   still	   introduces	  
variability	  into	  experimental	  conditions.	  In	  fact,	  primary	  CTLs	  isolated	  from	  different	  donors	  
with	   similar	   characteristics,	   have	   distinct	   cytotoxic	   capacities	   with	   different	   production	   of	  
effector	  cytokines	  such	  as	  INF-­‐γ	  and	  TNF-­‐α	  (Takata	  et	  al.,	  2012).	  Furthermore,	  it	  has	  shown	  
that	  these	  cells	  respond	  differently	  to	  IL-­‐2	  stimulation,	  a	  cytokine	  that	  is	  extensively	  used	  for	  
the	  expansion	  and	  purification	  of	  CTLs	  (Feinerman	  et	  al.,	  2010).	  T	  cells	  derived	  from	  different	  
donors	  have	  different	  thresholds	  for	  T	  cell	  activation	  resulting	  in	  a	  functional	  heterogeneity	  
of	  CTLs	   (Auphan-­‐Anezin,	  Verdeil,	  &	  Schmitt-­‐Verhulst,	  2003).	  We	  have	   therefore	  attempted	  
to	   use	   cryopreservation	   as	   a	   tool	   to	   decrease	   that	   variability;	   the	   ex	   vivo	   expansion	   and	  
subsequent	  cryopreservation	  of	  large	  numbers	  of	  primary	  T	  cells	  from	  individual	  mice	  allows	  
for	   the	   repetition	   of	   experiments	   under	   different	   conditions	   using	   cells	   from	   the	   same	  
mouse.	  Cells	  can	  thus	  also	  be	  thawed	  in	  a	  timed	  manner	  so	  that	  they	  are	  always	  used	  at	  the	  
same	  day	  post-­‐isolation.	  Comparative	  experiments	  using	  cells	  from	  the	  same	  mouse	  should	  
still	  be	  independently	  repeated	  numerous	  times	  using	  different	  mice.	  However,	  suboptimal	  
cryopreservation	   could	   result	   in	   a	   significant	   decrease	   in	   T	   cell	   viability,	   thereby	   impairing	  
the	   immune	   response	   against	   antigens	   (Schulz	   et	   al.,	   2012).	   Therefore,	   the	   use	   of	  
cryopreserved	  CTLs	   in	   functional	   assays	   has	   to	   be	   validated	   in	   order	   to	   guarantee	   reliable	  
and	   reproducible	   results.	   Furthermore,	   the	   use	   of	   thawed	   cells	   could	   be	   an	   alternative	  
source	  of	  CTLs	  thereby	  reducing	  the	  number	  of	  mice	  required	  in	  a	  given	  study.	  In	  addition,	  
adoptive	   cell	   therapy	   using	   autologous	   tumour	   antigen	   specific	   T	   cells	   has	   emerged	   as	   an	  
effective	  treatment	  for	  certain	  cancer	  patients	  (Rosenberg,	  Restifo,	  Yang,	  Morgan,	  &	  Dudley,	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2008).	   However,	   the	   failure	   to	   expand	   tumour	   antigen	   specific	   T	   cells	   reproducibly	   and	  
effectively	   has	   become	   a	   major	   obstacle	   (Chung,	   Shin,	   &	   Hong,	   2014).	   In	   this	   manner,	  
cryopreservation	   could	   be	   a	   potential	   solution	   for	   enhancing	   the	   availability	   of	   T	   cells	   for	  
adoptive	  immune	  therapy.	  Thus,	  this	  work	  aims	  to	  compare	  the	  functionality	  of	  frozen	  cells	  
vs.	   fresh	   cells.	   Three	   parameters	   were	   evaluated:	   i)	   cytotoxic	   capacity,	   ii)	   migration	  
behaviour	  in	  the	  presence	  or	  absence	  of	  the	  cognate	  antigen	  and	  iii)	  capacity	  to	  differentiate	  
into	  effector	  T	  cells.	  	  
This	  part	  of	  the	  project	  was	  performed	  not	  in	  order	  to	  study	  the	  effects	  of	  cryopreservation	  
per	   se,	   but	   in	   order	   to	   develop	   and	   validate	   a	   method	   that	   would	   afford	   us	   greater	  
reproducibility	  between	  experiments,	  a	  means	  for	  reducing	  and	  refining	  animal	  use,	  and	  for	  
the	  long-­‐term	  storage	  of	  CTL	  populations	  for	  subsequent	  use.	  
2.2)	  Experimental	  Design	  
Given	  the	  peripheral	  nature	  of	  the	  work	  described	  in	  this	  Chapter,	  methods	  are	  only	  briefly	  
summarised	  here.	  More	  exhaustive	  methods	  descriptions	  for	  all	  procedures	  can	  be	  found	  in	  
Chapter	  3.2.	  
Fresh	   T	   cells	  were	   isolated	   from	   the	   spleen	  of	  OT-­‐I	  mice.	   These	   cells	   express	   a	   transgenic	  
receptor	  (Vα2)	  that	  recognises	  the	  ovalbumin	  (OVA)	  peptide	  and	  are	  therefore	  typically	  used	  
to	  study	  antigen-­‐specific	  responses.	  The	  ovalbumin-­‐derived	  peptide	  SIINFEKL	  has	  been	  used	  
to	  induce	  stronger	  activation	  of	  T	  cells	  due	  to	  its	  higher	  affinity	  for	  the	  Vα2	  receptor	  (Denton	  
et	  al.,	  2011).	   	   In	   this	   sense,	  2	  x	  106	  T	  cells	  were	  stimulated	  with	  SIINFEKL	  peptide	   (1µg/ml)	  
(Invivogen)	  at	  day	  0	  (day	  of	  isolation	  from	  mouse).	  Only	  the	  CD8+	  cells	  that	  express	  the	  Vα2	  
receptor	   are	   then	   able	   to	   survive.	  At	   day	   2,	   T	   cells	  were	   treated	  with	   IL-­‐2	   (1mg/ml)	   (R&D	  
Systems)	   every	   48	   hours	   to	  maintain	   the	   pool	   of	   CD8+	   cells	   and	   induce	   differentiation	   to	  
effector	  cytotoxic	  T	  cells	  (CTLs).	  The	  purity	  of	  CD8+/Vα2+	  at	  day	  7	  is	  around	  95%	  as	  evaluated	  
by	  flow	  cytometry	  (data	  not	  shown).	  In	  order	  to	  generate	  frozen	  cells,	  2	  x	  106	  –	  5	  x	  106	  T	  cells	  
were	  cryopreserved	  at	  day	  3	  from	  isolation	  following	  established	  methods	  (Weinberg	  et	  al.,	  
2009).	  Briefly,	  the	  T	  cells	  were	  cryopreserved	  using	  10%	  dimethyl	  sulfoxide	  (DMSO)	  in	  foetal	  
calf	  serum	  using	  a	  slow	  temperature-­‐lowering	  method.	  Cells	  were	  stored	  at	  -­‐800	  for	  up	  to	  6	  
months	  before	  thawing.	  Viability	  and	  recovery	  were	  measured	  using	  trypan	  blue	  exclusion,	  
and	  in	  a	  more	  quantitative	  manner	  using	  flow	  cytometric	  analysis	  of	  cell	  viability	  staining.	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Three	  parameters	  were	  established	  to	  compare	  the	  functionality	  of	  cryopreserved	  vs.	  fresh	  
cells:	  	  
i) time-­‐lapse	  microscopy	  was	  used	  to	  determine	  the	  migration	  behaviour	  of	  both	  
populations	  of	  T	  cells	  in	  the	  absence	  or	  presence	  of	  antigen;	  	  
ii) the	   cytotoxic	   capacity	   of	   CTLs	   to	   kill	   specific	   targets	   was	   measured	   using	  
carboxyfluorescein	   diacetate	   succinimidyl	   ester	   (CFSE)-­‐based	   cytotoxic	   assays	  
and;	  	  	  
iii) the	   capacity	   of	   T	   cells	   to	   differentiate	   into	   effector	   T	   cells	  was	   determined	   by	  
assessing	   the	   expression	   of	   molecular	   markers	   that	   define	   an	   effector	   T	   cell.	  
Typically,	   the	   overexpression	   of	   CD44	   and	   the	   downregulation	   of	   CD62-­‐L	  
distinguish	   an	   effector	   T	   cell	   from	   naïve	   T	   cells	   (Harty	   &	   Badovinac,	   2008).	  
Furthermore,	  effector	  T	  cells	  are	  characterised	  by	  co-­‐expression	  of	  high	  levels	  of	  
CD25	  and	  CD69.	   
Migration	  assay	  	  
OT-­‐1	   X	   GFP-­‐Lifeact	   T	   cells	   at	   day	   7	   post-­‐isolation	   were	   mixed	   1:1	   with	   EL-­‐4	   tumor	   cells	  
labeled	   with	   5µM	   CMTMR	   (Invitrogen)	   either	   pulsed	   with	   SIINFEKL	   peptide	   (targets)	   or	  
unpulsed	   (non-­‐targets).	  A	   total	  of	  5	  x105	  cells	  suspended	   in	  phenol	   red-­‐free	  TCM	  (38.85µl)	  
were	  added	  to	  liquid	  phase	  rat-­‐tail	  collagen	  I	  (Corning)	  containing	  1N	  NaOH	  (1.15µl)	  and	  10X	  
PBS	  (10µl)	  for	  a	  total	  volume	  of	  100µl	  on	  ice.	  70µl	  of	  the	  solution	  was	  rapidly	  transferred	  to	  
a	  35	  mm	  petri	  dish	  containing	  a	  14mm	  microwell	  with	  a	  precision	  glass	  coverslip	   (Mattek)	  
and	   incubated	   at	   37°C	   and	   5%	   CO2	   for	   30	   min	   to	   allow	   the	   gel	   to	   polymerize	   into	   a	   3-­‐
dimensional	  matrix	  with	   dispersed	   cells	   and	   2ml	   phenol	   red-­‐free	   TCM	   at	   37ºC	  was	   gently	  
added	  to	  the	  dish.	  4-­‐dimensional	  confocal	  microscopy	  is	  described	  below.	  Image	  analysis	  for	  
the	   tracking	   of	   T	   cell	   movement	   was	   performed	   with	   Imaris	   software	   (Bitplane),	   yielding	  
multiple	  motility	  parameters	  used	  to	  quantify	  population-­‐wide	  migration	  behaviours.	  
Flow	  cytometry	  
For	   the	   evaluation	   of	   the	   expression	   of	   surface	   molecules,	   cells	   were	   stained	   with	  
allophycocyanin(APC)-­‐Cy7-­‐conjugated	  anti	  CD8	  (53-­‐6.7	  BD	  Biosciences),	  phycoerythrin	  (PE)-­‐
conjugated	   anti	   Vα2,	   	   APC-­‐conjugated	   anti-­‐CD44;	   (IM7	  BD	  Biosciences)	   and	  PE-­‐conjugated	  
anti	  CD62-­‐L;	  (MEL-­‐14	  eBioscience).	  Antibodies	  were	  used	  at	  1	  µg/ml	  in	  a	  volume	  of	  200µl	  of	  
FACS	  buffer	  (2%	  FCS,	  2 mM	  EDTA	  and	  0.02%	  sodium	  azide/1	  ×	  PBS)	  for	  30	  min	  at	  40C.	  Cells	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were	   washed	   twice	   with	   FACS	   buffer	   and	   incubated	   with	   0.5 μg ml−1	   4,6-­‐diamidino-­‐2-­‐
phenylindole	   (DAPI;	   Molecular	   probes)	   for	   exclusion	   of	   dead	   cells	   and	   quantification	   of	  
viabilities.	   Data	   was	   collected	   on	   a	   BD	   Biosciences	   Fortessa	   flow	   cytometer	   and	   analyzed	  
with	  FlowJo	  software	  (Tree	  Star).	  	  
Cytotoxic	  assay	  
We	  defined	  as	  targets	  EL-­‐4	  tumor	  cells	  pulsed	  with	  10	  ng	  ml-­‐1	  SIINFEKL	  (Sigma)	  peptide,	  and	  
non-­‐targets	   as	   unpulsed	   EL-­‐4	   cells,	   which	   were	   interchangeably	   labeled	   with	   5µM	   CFSE	  
(Carboxyfluorescein	  succinimidyl	  ester)	  or	  CMFDA	  (Invitrogen)	  for	  10min	  at	  37°C	  (In	   in	  half	  
of	   the	   repeats	   of	   the	   experiments,	   targets	   were	   labeled,	   in	   the	   other	   non-­‐targets	   were	  
labeled,	   so	   as	   to	   exclude	   effects	   from	   labeling	   itself).	   The	   reaction	   was	   quenched	   by	   the	  
addition	  of	  a	  double	  volume	  of	  TCM,	  followed	  by	  a	  5	  min	  incubation	  at	  4°C.	  A	  total	  number	  
of	   105	   target	   cells	  were	  mixed	  with	   an	   equal	   number	   non-­‐target	   cells.	   Tumour	   cells	  were	  
mixed	   with	   either	   cryopreserved	   or	   freshly	   isolated	   Tomato	   x	   OT-­‐1	   T	   cells	   at	   2:1	   or	   1:1	  
effector-­‐target	   ratios	   in	   96-­‐well	   plates.	   Plates	   were	   incubated	   at	   37°C	   and	   5%	   CO2	   for	   3	  
hours.	  In	  all	  cases	  cells	  were	  stained	  with	  DAPI	  (0.5	  μg	  ml-­‐1)	  to	  exclude	  dead	  cells.	  	  
Ethical	  Considerations:	  All	   transgenic	  and	   inbred	  mice	  were	  bred	  and	  house	  under	  specific	  
pathogen-­‐free	   conditions	   in	   the	   centenary	   Institute	   animal	   house.	   All	   breading	   and	  
experiments	   were	   carried	   out	   with	   approval	   from	   the	   University	   of	   Sydney	   Animal	   Ethics	  
Committee	   and	   the	   NSW	   Government	   Sydney	   Local	   Health	   District	   Animal	   Welfare	  
Committee.	   Mice	   were	   sacrificed	   by	   CO2	   asphyxiation	   prior	   to	   dissection	   and	   /	   or	   organ	  
harvest,	  a	  procedure	  that	  was	  performed	  by	  me.	  	  	  
Statistical	  analysis.	  One-­‐way	  ANOVA	  followed	  by	  the	  Bonferroni	  test,	  Kruskal-­‐Wallis	  followed	  
by	  Dunn’s	  multiple	   comparison	   test	   and	  Mann-­‐Whitney	  U	   tests	  were	  used	  as	   indicated.	  A	  
difference	  was	  considered	  significant	  if	  p<0.05.	  	  
2.3)	  Results	  	  	  
Cytotoxic	  T	  cells	  (CTLs)	  are	  adaptive	   immune	  cells	  and	  they	  are	  responsible	  for	  triggering	  a	  
cellular	   response	  against	  virus-­‐infected	  cells	  and	  cancer	  cells.	  Primary	  T	  cells	   isolated	   from	  
the	   spleen	   of	   OT-­‐I	   transgenic	  mice	   have	   been	  widely	   used	   in	   order	   to	   study	   the	   effector	  
functions	  of	  CTL.	  However,	  the	  purification	  and	  expansion	  of	  these	  cells	  depend	  on	  how	  they	  
respond	  to	  the	  antigen	  (SIINFEKL	  peptide)	  and	  IL-­‐2	  treatment	  for	  their	  maintenance	  and	  use.	  
These	  variables	  could	  alter	   their	  effector	   functions,	  especially	  when	  CTLs	  are	   isolated	  from	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different	  mice	  on	  different	  days	   (Mata,	  Mahmood,	   Sowell,	  &	  Baum,	  2014).	   Therefore,	   the	  
use	   of	   freshly	   isolated	   cells	   from	   different	   donor	   mice	   in	   a	   series	   of	   experiments	   may	  
introduce	   a	   source	   of	   variability	   based	   on	   intrinsic	   differences	   between	   the	   mice,	   and	  
differences	   in	   the	   process	   of	   isolation	   and	   purification	   of	   these	   cells.	   Thus,	   freezing	   large	  
number	   of	   cells	   from	   the	   same	   donor	  mouse	   and	   using	   these	   repeatedly	   in	   experiments	  
could	  be	  a	  means	  of	  reducing	  such	  variability.	  Although	  results	  obtained	  using	  cells	  from	  the	  
same	   mouse	   could	   constitute	   a	   more	   consistent	   and	   controlled	   set	   of	   experiments,	   the	  
effects	  of	  cryopreservation	  on	  CTLs	  should	  be	  evaluated	  in	  order	  to	  ensure	  that	  this	  process	  
does	  not	  introduce	  detrimental	  effects.	  It	  should	  be	  noted	  that	  experiments	  thus	  comparing	  
different	   conditions	   using	   cells	   from	   the	   same	   mouse	   still	   need	   to	   be	   independently	  
repeated	   numerous	   times	   using	   different	   mice,	   for	   both	   statistical	   and	   experimental	  
significance.	  The	  present	  work	  aims	  to	  study	  whether	  cryopreservation	  affects	  the	  effector	  
function	  of	  CTLs	  and	  therefore	  whether	  cryopreservation	  constitutes	  a	  viable	  source	  or	  pool	  
of	   fully	   functional	   T	   cells.	   To	   achieve	   this,	   different	   parameters	   of	   frozen	   CTLs	   were	  
evaluated,	  including	  their	  capacity	  to	  migrate	  in	  a	  collagen	  matrix,	  their	  ability	  to	  kill	  target	  
cells,	   and	   their	   capacity	   to	   differentiate	   to	   effector	   T	   cells.	   Therefore,	   CD8+	   T	   cells	   were	  
isolated	  from	  the	  spleen	  from	  GFP	  Lifeact	  x	  OT-­‐1	  mice.	  Only	  T	  cells	  that	  responded	  to	  their	  
antigen,	  the	  SIINFEKL	  peptide,	  are	  able	  to	  expand	  in	  vitro.	  On	  day	  2	  following	  isolation,	  CD8+	  
T	   cells	  were	   treated	  with	   IL-­‐2	   to	   induce	  differentiation	   to	  effector	  T	   cells.	   Some	  cells	   from	  
the	   same	   donor	   were	   frozen	   on	   day	   3	   of	   culture,	   using	   conventional	   procedures	   of	  
cryopreservation	   (Brooks-­‐Worrell	   et	   al.,	   2011).	   Subsequently	   thawed	   cells	   were	   cultured	  
with	  IL-­‐2	  under	  similar	  conditions	  as	  fresh	  cells.	  Frozen	  cells	  were	  compared	  with	  fresh	  cells	  
as	  to	  their	  functionality	  as	  effector	  T	  cells	  on	  day	  6	  of	  culture.	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
	  
Figure2.1:	   Cryopreservation	   does	   not	   alter	   the	   viability	   of	   CTLs.	   Freshly	   isolated	   and	  
cryopreserved	  cells	  have	  the	  same	  proportion	  of	  viable	  cells	  at	  day	  3	  after	  the	  thawing.	  Left,	  
representative	  plots	  show	  the	  gate	  of	  viable	  cells	  (DAPI-­‐)	  of	  fresh	  cells	  (top)	  and	  frozen	  cells	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(down).	  Numbers	   indicate	  the	  percentage	  of	  cells	   in	  the	  gates.	   	  Right,	  bar	  graph	  shows	  the	  
percentage	  of	  viable	  cells	  from	  four	  independent	  experiments.	  	  	  	  	  
	  
	  	  	  	  	  	  	  	  	  	   	  
Figure	   2.2:	   Cryopreserved	   CTLs	   migrate	   efficiently	   in	   collagen	   gels.	   Three-­‐dimensional	  
reconstruction	   of	   randomly	   selected	   tracks.	   On	   the	   left,	   track	   lengths	   of	   fresh	   cells	   in	   the	  
absence	   (-­‐SIINFEKL)	   or	   presence	   (+SIINFEKL)	   of	   target	   cells.	   On	   the	   right,	   track	   lengths	   of	  
frozen	  cells	  in	  the	  absence	  (-­‐SIINFEKL)	  or	  presence	  (+SIINFEKL)	  of	  target	  cells. Data	  are	  from	  
two-­‐stage	  positions	  from	  two	  independent	  experiments.	  	   
The	  viability	  of	  thawed	  cells	  was	  measured	  by	  Trypan	  blue	  immediately	  after	  the	  unfreezing	  
process	  (day	  3	  after	  isolation).	  As	  expected,	  cryopreservation	  induced	  reduced	  percentages	  
of	  viable	  cells	  in	  the	  frozen	  population	  (73%)	  compared	  with	  the	  freshly	  isolated	  one	  (85%)	  
(Data	   not	   shown).	   This	   can	   be	   attributed	   to	   the	   cryopreservation	   and	   thawing	   process.	  
However,	   when	   the	   viability	  was	  measured	   three	   days	   after	   the	   thawing	   (day	   6	   after	   the	  
isolation),	   the	   percentage	   of	   viable	   cells	   in	   the	   frozen	   population	   was	   comparable	   to	   the	  
freshly	  isolated	  one	  (89.78%	  vs.	  89.84%	  respectively)	  (Figure	  2.1).	  Cryopreserved	  cells	  need	  
to	  be	  given	  some	  recovery	  time	  before	  their	  use	  in	  an	  experiment.	  We	  always	  allowed	  cells	  
to	   recover	   at	   least	   72	   hours	   following	   recovery	   from	   cryopreservation	   before	   use	   in	   an	  
experiment,	  which	  also	  corresponded	  to	  day	  6	  post	  isolation	  from	  the	  mouse	  in	  fresh	  cells.	  	  
	  2.3.1	  Cryopreservation	  did	  not	  impair	  cell	  motility	  of	  CTLs	  	  
	  
In	  the	  absence	  of	  antigen,	  freshly	  isolated	  cells	  migrate	  very	  efficiently	  in	  any	  kind	  of	  tissue.	  
Under	  control	  conditions,	  CTLs	  had	  long	  track	   lengths	  from	  their	  origins	  (Figure	  2.2).	  These	  
cells	  had	  an	  average	  speed	  of	  5.881	  µm/min	   	  0.1678.	   In	   the	  presence	  of	  antigen	  on	  EL-­‐4	  
cells	   pulsed	   with	   SIINFEKL,	   CTLs	   stop	   to	   interact	   with	   their	   targets	   in	   order	   to	   eliminate	  
them.	  These	  cells	  consistently	  had	  much	  shorter	  track	  lengths,	  displaced	  less	  from	  the	  origin	  
-SIINFEKL 
+SIINFEKL 
Fresh cells Frozen cells 
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and	  reduced	  their	  average	  speed	  to	  3.101	  µm/min	   	  0.1446	  (Figure	  2.3A).	  Furthermore,	   in	  
the	  presence	  of	  target	  cells	  CTLs	  are	  more	  arrested	  compared	  to	  when	  the	  antigen	  is	  absent	  
(0.2281	  vs.	  0.4553	  respectively)	  (Figure	  2.3B).	  The	  confinement	  ratio,	  a	  measurement	  of	  how	  
straight	   the	   cells	   travel	   in	   a	   given	   space,	   is	   reduced	   when	   the	   antigen	   is	   present	   (Figure	  
2.3C).	  In	  the	  presence	  of	  target	  cells,	  the	  mean	  turning	  angle	  was	  also	  increased	  from	  600	  to	  
740	   (Figure	   2.3D).	   These	   classical	   parameters	   of	   migration	   were	   not	   impaired	   or	   altered	  
whatsoever	  in	  cryopreserved	  CTLs	  (Figure	  2.3).	  	  
	  
	  
A) B) 
C) 
D) 
	   50	  
	  
Figure	   2.3:	   Cryopreserved	   and	   freshly	   isolated	   cells	   migrate	   equally	   efficiently	   in	   the	  
collagen	   gel.	   Cryopreservation	   does	   not	   affect	   the	   migration	   parameters	   of	   frozen	   cells	  
compared	  with	  fresh	  cells.	  A)	  Distribution	  of	  average	  speed	  of	  fresh	  cells	  and	  frozen	  cells	  with	  
EL-­‐4	  cells	  pulsed	  or	  non-­‐pulsed	  with	  SIINFEKL	  peptide	  on	  collagen	  gel.	  B)	  Distribution	  of	  the	  
confinement	   ratio	   of	   fresh	   cells	   and	   frozen	   cells	   with	   EL-­‐4	   cells	   pulsed	   or	   non-­‐pulsed	  with	  
SIINFEKL	  peptide	  on	  collagen	  gel.	  	  C)	  Distribution	  of	  arrest	  coefficient	  of	  fresh	  cells	  and	  frozen	  
cells	   with	   EL-­‐4	   cells	   pulsed	   or	   non-­‐pulsed	   with	   SIINFEKL	   peptide	   on	   collagen	   gel.	   D)	  
Distribution	  of	  the	  turning	  angles	  of	  fresh	  cells	  and	  frozen	  cells	  with	  EL-­‐4	  cells	  pulsed	  or	  non-­‐
pulsed	  with	  SIINFEKL	  peptide	  on	  collagen	  gel,	  numbers	  indicate	  the	  mean	  for	  each	  condition	  
as	   is	  showed.	  Data	  are	  pooled	  from	  two-­‐stage	  position	  from	  two	  independent	  experiments.	  
Differences	   between	   means	   were	   tested	   using	   the	   Kruskal-­‐Wallis	   test	   followed	   by	   Dunn’s	  
multiple	   comparison	   test	   (GraphPad	   Prism	   5.0)	  where	   n	   denotes	   the	   number	   of	   tracks,	   ns	  
stands	  for	  not	  significant,	  *P	  <	  0.05,	  **P	  <	  0.01	  and	  ***	  P	  <	  0.001.	  	  	  	  	  	  	  	  	  	  
	  
2.3.2	  Cryopreserved	  T	  cells	  have	  an	  unimpaired	  cytotoxic	  capacity	  compared	  
to	  freshly	  isolated	  T	  cells	  	  	  
CTLs	   are	   motile	   cells	   searching	   for	   cognate	   antigens.	   When	   T	   cells	   encounter	   a	   cognate	  
antigen,	   they	   stop	   in	   order	   to	   eliminate	   it.	   Using	   CFSE-­‐based	   cytotoxic	   assays,	   we	  
determined	  that	  cryopreserved	  cells	  have	  the	  same	  capacity	  to	  specifically	  kill	  their	  targets	  
compared	  with	  control	  cells	  (not	  expressing	  target	  antigen).	  When	  CTLs	  are	  challenged	  with	  
non-­‐pulsed	   cells	   there	   was	   no	   killing	   after	   3H	   of	   cytotoxic	   assay.	   Cytotoxic	   capacity	   was	  
higher	  when	  the	  ratio	  of	  effector	  to	  target	  cells	  (E:T)	  was	  2:1.	  There	  was	  no	  difference	  in	  the	  
killing	  capacity	  between	  using	  freshly	  isolated	  cells	  or	  cryopreserved	  T	  cells	  (Figure	  2.4).	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
Figure	  2.4:	  Cryopreservation	  does	  not	  affect	  the	  cytotoxic	  capacity	  of	  CTLs.	  Freshly	  isolated	  
and	  cryopreserved	  cells	  have	  the	  same	  capacity	  to	  kill	  their	  respective	  target	  cells.	  Left	  panel,	  
quantification	  of	  killing	  of	  fresh	  and	  cryopreserved	  cells	  in	  the	  presence	  or	  absence	  of	  target	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cells.	   EL-­‐4	   tumour	   cells	   were	   used	   as	   target	   cells	   by	   pulsing	   them	   with	   SIINFEKL	   peptide	  
cognate	   for	   murine	   OT-­‐1	   CTLs	   at	   1:1	   or	   1:2	   effector/target	   ratio	   (E:T	   ratio).	   Right	   panel,	  
representative	   histograms	   from	   cytotoxic	   assays	   of	   fresh	   (top)	   and	   cryopreserved	   cells	  
(bottom).	  	  
	  
2.3.3	  Cryopreservation	  did	  not	  affect	  the	  differentiation	  capacity	  of	  naïve	  T	  
cells	  into	  effector	  T	  c	  ells	  	  	  
T	   cells	   pass	   through	   three	   stages	   in	   order	   to	   differentiate	   to	   functional	   effector	   T	   cells	  
(Kaech,	  Wherry,	  &	  Ahmed,	  2002).	  The	  first	  or	  expansion	  phase	  starts	  when	  T	  cells	  find	  their	  
cognate	   antigen.	   T	   cells	   then	   clonally	   expand	   and	   differentiate	   into	   effector	   T	   cells	   in	   the	  
maintenance	  phase.	  After	  day	  7	  or	  8	  of	  expansion	  and	  differentiation	  there	  is	  an	  elimination	  
of	  T	  cells	  due	  to	  apoptosis	  during	  the	  contraction	  phase	  (Garrod	  et	  al.,	  2012).	  Effector	  T	  cells	  
are	   necessary	   for	   the	   production	   of	   cytokines	   and	   the	   clearance	   of	   cancer	   cells	   (Hadrup,	  
Donia,	  &	  Thor	  Straten,	  2013).	  Therefore,	  the	  expansion	  and	  differentiation	  of	  naïve	  T	  cells	  to	  
effector	  T	  cells	  is	  a	  key	  step	  for	  the	  killing	  of	  target	  cells.	  We	  found	  that	  cryopreserved	  cells	  
could	  differentiate	   to	  effector	  T	   cells	   through	   increasing	   the	  percentage	  of	  CD44+/CD62-­‐L-­‐,	  
the	  same	  as	  freshly	   isolted	  cells	  (Figure	  2.5).	  Cryopreserved	  cells	  also	  have	  similar	   levels	  of	  
activation	  compared	  with	  fresh	  cells.	  For	  both	  types	  of	  conditions,	  CTLs	  expressed	  high	  level	  
of	  CD69	  and	  CD25	  compare	  with	  naïve	  cells	  (Figure	  2.5).	  	  
	  
	  	  	  	   	  
Figure	  2.5:	  Thawed	  cells	  have	  the	  capacity	  to	  differentiate	  into	  effector	  T	  cells.	  Naïve	  cells	  
differentiate	  into	  effector	  T	  cells	  and	  are	  not	  affected	  by	  cryopreservation.	  Left	  panel,	  naïve	  T	  
cells	  isolated	  from	  OT-­‐I	  mice.	  Centre	  panels,	  Fresh	  CTLs	  derived	  from	  OT-­‐I	  mice	  at	  day	  6	  after	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isolation.	   Right	   panel,	   Frozen	   CTLs	   derived	   from	  OT-­‐I	  mice	   at	   day	   6	   after	   isolation.	   Upper	  
panel,	   flow	   cytometry	   analysis	   of	   CD8+	   T	   cells	   stained	   with	   anti-­‐CD25	   and	   anti-­‐CD69	  
antibodies.	   Lower	   panel,	   flow	   cytometry	   analysis	   of	   CD8+	   T	   cells	   stained	  with	   anti-­‐CD62-­‐L	  
and	   anti-­‐CD44	   antibodies.	   Numbers	   in	   each	   quadrant	   denote	   percentage	   of	   cells.	  
Representative	  plots	  from	  three	  independent	  experiments.	  	  	  
	  
2.4)	  Discussion	  
	  
These	   findings	  demonstrate	  that	  cryopreservation	  does	  not	   impair	   the	  effector	   function	  of	  
primary	  CTLs.	  Cryopreserved	  cells	  showed	  a	  similar	  capacity	  to	  migrate,	  kill	  target	  cells	  and	  
differentiate	  when	  compared	  to	  freshly	  isolated	  cells.	  Thus,	  frozen	  cells	  can	  be	  used	  in	  order	  
to	  reduce	  variability	  between	  experimental	  conditions.	  Furthermore	  the	  cryopreservation	  of	  
T	  cells	  can	   increase	  the	  availability	  of	  T	  cells,	   thereby	  reducing	  the	  number	  of	  donors	  mice	  
while	  maintaining	  the	   level	  and	  significance	  of	   information	  obtained.	  The	  cryopreservation	  
of	  these	  cells	  could	  be	  a	  suitable	  source	  of	  specific-­‐antigen	  effector	  T	  cells	  for	  adoptive	  T	  cell	  
therapy	   in	   cancer.	   The	  advantage	  of	  using	  CTLs	   is	   due	   to	   their	   ability	   to	   specifically	   target	  
tumour	   cells	   through	   the	   recognition	   of	   tumour	   antigens	   presented	   on	   the	   cell	   surface	  
(Fourcade	  et	  al.,	  2012).	  The	  success	  of	  adoptive	  T	  cell	   therapy	  depends	  on	   the	  capacity	   to	  
select	   functional	   T	   cells	   that	   preserve	   their	   effector	   function	   and	   homing	   abilities	   (June,	  
2007).	  Several	  strategies	  have	  been	  developed	  in	  order	  to	  generate	  human	  CTLs	  for	  adoptive	  
cell	   therapy,	   however	   due	   to	   limited	   supply	   this	   strategy	   has	   not	   been	   implemented	   in	  
randomised	   clinical	   trials.	   To	   overcome	   this	   problem,	   different	   protocols	   have	   been	  
established,	   including	   the	   expansion	  ex	   vivo	   of	   specific	   antigen	   T	   cells.	   It	   has	   been	   shown	  
that	  prolonged	  ex	  vivo	  cultures	  resulted	  in	  a	  population	  of	  cells	  that	  had	  reached	  replicative	  
senescence.	   This	   phenomenon	   correlates	   with	   low	   engraftment	   efficiency	   and	   low	  
antitumor	  response	   in	  expanded	  cells	   (Zhou	  et	  al.,	  2005).	  Since	  cryopreserved	  CTLs	  can	  be	  
thawed	   and	   rapidly	   infused	   into	   patients,	   it	   would	   be	   reasonable	   to	   expand	   and	  
cryopreserve	   CTLs	   as	   an	   alternative	   source	   of	   antigen	   specific	   effector	   T	   cells,	   as	   their	  
functionality	  is	  clearly	  not	  impaired	  by	  the	  preservation	  process.	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Chapter	  3	  	  
TGF-­‐β	   modulates	   the	   migration	   of	  
CTLs	  and	   impairs	   their	  capacity	  to	  kill	  
target	  tumour	  cells	  
3.1)	  Aims	  	  
Effector	   T	   cells	   move	   efficiently	   in	   non-­‐lymphoid	   tissues	   where	   they	   seek	   out	   cognate	  
antigens	  in	  order	  to	  elicit	  effector	  functions.	  The	  migration	  behaviour	  of	  T	  cells	  is	  crucial	  for	  
the	   clearance	   and	   elimination	   of	   their	   targets.	   Furthermore,	   their	   mode	   of	   migration	   is	  
highly	   dependent	   on	   the	   surrounding	   tissue.	   The	   numerous	   signals	   coming	   from	   the	  
environment	   affects	   the	  motility	   of	   T	   cells.	   For	   instance,	   blocking	   the	   chemokine	   CXCL10	  
resulted	   in	   a	   reduction	   of	   the	   motility	   of	   CD8+	   cells	   in	   the	   brain,	   thereby	   reducing	   their	  
efficiency	   in	   finding	   targets	   (Harris	   et	   al.,	   2012).	   On	   the	   other	   hand,	   the	   tumour	  
microenvironment	   produces	   several	   immunosuppressive	   cytokines	   that	   alter	   the	   immune	  
response	   against	   cancer	   cells.	   TGF-­‐β	   is	   a	   potent	   immunosuppressor	   that	   is	   produced	   by	  
numerous	   tumours	   that	   thereby	   can	   escape	   the	   immune	   response.	   Therefore,	   the	   aim	   of	  
this	   study	   is	   to	  evaluate	   the	  effect	  of	   TGF-­‐	  β	   in	   the	  migration	  behaviour	  of	  CD8+	   cells	   and	  
how	  this	   is	  correlated	  with	  their	  capacity	  to	  eliminate	  target	  cells.	  To	  address	  this	   issue	  we	  
set	  the	  following	  objectives:	  
i)	  To	  evaluate	  whether	  TGF-­‐β	  has	  an	  effect	  in	  the	  cytotoxic	  capacity	  of	  CTLs.	  
ii)	  To	  determine	  whether	  TGF-­‐β	  influences	  the	  migration	  behaviour	  of	  CTLs.	  
iii)	  To	  evaluate	  whether	  TGF-­‐β	  can	  reverse	  the	  TCR	  stop	  signal.	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3.2)	  Experimental	  Design	  
3.2.1	  To	  evaluate	  whether	  TGF-­‐β	  has	  an	  effect	  on	  the	  cytotoxic	  capacity	  of	  CTLs.	  
We	  used	  a	   cytotoxicity	  assay	  using	  CFSE	   (Invitrogen)	   labelling	  as	  a	  dye	   to	   specifically	   stain	  
target	  cells,	  and	  flow	  cytometry	  (BD	  LSRFortessa)	  as	  read	  out	  (Jedema,	  van	  der	  Werff,	  Barge,	  
Willemze,	  &	  Falkenburg,	  2004).	  EL4	  cells,	  from	  a	  murine	  thymoma	  cell	  line,	  were	  pulsed	  with	  
SIINFEKL	  peptide	  (1µm/ml)	  for	  24	  hours	  to	  become	  target	  cells	  for	  CTLs	  derived	  from	  OT-­‐I	  x	  
Tomato	  mice.	  Thus,	  1x105	  target	  cells	  were	  mixed	  with	  identical	  numbers	  of	  non-­‐target	  cell	  
that	   in	   this	   case	  were	   non-­‐pulsed	   EL-­‐4	   cells.	   Therefore,	   the	   proportion	   of	   target	   cells	   and	  
non-­‐target	   cells	   was	   1	   to	   1	   before	   the	   cytotoxic	   assay	   was	   set	   up.	   The	   mix	   of	   EL-­‐4	   cells	  
(pulsed	  vs.	  non-­‐pulsed)	  was	  added	  at	  different	  effector-­‐target	  ratios	  and	  put	  them	  together	  
in	  a	  96	  well	  plate	  (Life	  Technologies).	  All	  ratios	  were	  accurately	  measured	  by	  flow	  cytometry.	  
CTLs	   cells	   can	   recognise	   and	   specifically	   eliminate	   the	   EL4	   cells	   that	   contain	   the	   SIINFEKL	  
peptide.	  After	   three	  hours	   (3H)	  of	   cytotoxic	   assay,	   the	  proportion	  of	   target	   cells	   and	  non-­‐
target	   cells	   was	  measured	   again	   by	   flow	   cytometry	   after	   excluding	   dead	   cells	   using	   4',	   6-­‐
diamidino-­‐2-­‐phenylindole	  (DAPI	  Molecular	  probes).	  DAPI	  is	  a	  non-­‐permeable	  dye	  when	  cells	  
are	  alive;	  when	  they	  are	  dying	  the	  cell	  membrane	  is	  disrupted	  allowing	  the	  incorporation	  of	  
the	  dye	  into	  the	  cell.	  In	  this	  way	  the	  ratio	  between	  Target	  and	  non-­‐target	  cells	  was	  analysed	  
after	  the	  exclusion	  of	  dead	  cells.	  If	  the	  CTLs	  were	  able	  to	  kill	  their	  targets,	  the	  proportion	  of	  
the	   non-­‐target	   cell	   population	   should	   increase	   relative	   to	   the	   target	   cells.	   Therefore,	   the	  
efficiency	  of	  CTLs	   in	  killing	  the	  targets	  was	  determined	  by	  the	  difference	  of	  the	  proportion	  
between	   both	   populations.	   The	   higher	   this	   difference,	   the	   more	   efficient	   the	   killing.	   The	  
following	   formula	   was	   used	   to	   calculate	   the	   cytotoxic	   index	   (Quah,	   Wijesundara,	  
Ranasinghe,	  &	  Parish,	  2012)	  (Figure	  3.1):	  	  
	  
𝐶𝑦𝑡𝑜𝑡𝑜𝑥𝑖𝑐  𝐼𝑛𝑑𝑒𝑥 = 1 − 𝑃𝑢𝑙𝑠𝑒𝑑  𝑐𝑒𝑙𝑙𝑠  3𝐻𝑁𝑜𝑛 − 𝑝𝑢𝑙𝑠𝑒𝑑  𝑐𝑒𝑙𝑙𝑠  3𝐻𝑃𝑢𝑙𝑠𝑒𝑑  𝑐𝑒𝑙𝑙𝑠  0𝐻𝑁𝑜𝑛 − 𝑝𝑢𝑙𝑠𝑒𝑑  𝑐𝑒𝑙𝑙𝑠  0𝐻     ∗   100	  
CFSE	   is	  considered	  to	  be	  cytotoxic	  for	  some	  types	  of	  cells.	  Therefore,	   in	  some	  experiments	  
the	   staining	  was	   reversed,	   such	   that	   the	  non-­‐target	   cell	   population	  was	   stained	  with	  CFSE	  
and	   the	   target	   cells	   remained	   unlabelled,	   in	   order	   to	   determine	   that	   the	   killing	   was	   not	  
affected	  or	  caused	  by	  the	  dye.	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Figure	  3.1:	  The	  CFSE	  cytotoxic	  assay	  allows	   the	  quantification	  of	   the	  killing	  of	  CTLs.	  Flow	  
analysis	  of	  data	  from	  a	  typical	  cytotoxic	  assay.	  A)	  Identification	  of	  CTL	  gate	  by	  forward	  (FSC)	  
and	   side	   (SSC)	   scatter.	   B)	   Exclusion	   of	   aggregates	   by	   the	   identification	   of	   single	   cells	   by	  
plotting	   FSC-­‐Height	   (FSC-­‐H)	   vs.	   FSC-­‐A	   (FSC-­‐Area).	   C)	   Exclusion	   of	   dead	   cells	   (DAPI	   +).	   D)	  
Identification	  of	  cancer	  cells	  (EL-­‐4)	  by	  excluding	  CTLs	  labelled	  with	  Tomato.	  E)	  EL-­‐4	  cells	  were	  
labelled	  with	  CFSE	  at	  5µM	  and	  were	  pulsed	  with	  SIINFEKL	  peptide	  at	  1µg/ml	   for	  24	  hours.	  
The	   non-­‐target	   population	   or	   non-­‐pulsed	   cells	   (-­‐SIINFEKL)	   remained	   unlabelled	   (left	  
histogram).	   In	   some	   experiments	   the	   staining	  was	   inverted;	   non-­‐pulsed	   cells	  were	   labelled	  
with	  CFSE	  and	  pulsed	  cells	  remained	  unlabelled	  (right	  histogram).	  Before	  the	  cytotoxic	  assay	  
was	   set	   up	   (0H),	   the	   ratio	   of	   pulsed	   and	   non-­‐pulsed	   cells	  was	   almost	   1:1	   as	   shown	   in	   the	  
histograms.	   The	  mix	  of	   cancer	   cells	  was	  embedded	  with	  CTLs	  derived	   from	  OT-­‐1	   x	   Tomato	  
mice	  at	  1:1	  ratio.	  F)	  After	  3H	  of	  cytotoxic	  assay	  the	  proportion	  of	  non-­‐pulsed	  cells	  increased	  
relative	  to	  pulsed	  cells.	  CTLs	  were	  thus	  able	  to	  specifically	  eliminate	  the	  population	  of	  target	  
cells.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Upon	  establishing	  the	  model	  for	  evaluating	  cytotoxicity,	  1x106	  CTLs	  were	  treated	  in	  a	  6	  well	  
plate	   (Life	   Technologies)	   with	   recombinant	   mouse	   TGF-­‐β	   (Cell	   Signalling)	   at	   day	   4	   post-­‐
isolation	   at	   different	   concentrations	   (10pM,	   100pM	   and	   1µM)	   for	   24H,	   48H	   and	   72H	   to	  
determine	  the	  condition	  at	  which	  TGF-­‐β	  impairs	  the	  cytotoxic	  capacity	  of	  CTLs.	  Furthermore,	  
CTLs	   primed	   with	   TGF-­‐	   β	   were	   treated	   with	   different	   TGF-­‐β	   inhibitors	   at	   different	  
concentrations	   to	   establish	   the	   concentration	   at	  which	   the	   inhibitors	   rescue	   the	   cytotoxic	  
capacity	  of	  CTLs.	  	  	  	  
!
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TGF-­‐β	  is	  a	  potent	  immunosuppressive	  agent.	   It	  directly	  targets	  CTLs	  during	  tumour	  evasion	  
of	   immune	  surveillance	  (Thomas	  &	  Massague,	  2005).	  TGF-­‐β	  reduces	  in	  CTLs	  the	  expression	  
of	  cytolytic	  molecules	   that	  are	  crucial	   for	   the	  killing	  of	   targets.	  Therefore,	  Granzyme	  B,	   IL2	  
and	   p-­‐ERK	   were	   evaluated	   by	   flow	   cytometry	   in	   CTLs	   treated	   with	   TGF-­‐	   β	   at	   the	  
concentration	  at	  which	  it	  reduced	  the	  cytotoxic	  capacity	  to	  kill	  target	  cells	  from	  the	  cytotoxic	  
assay.	   As	   a	   negative	   control	   for	   p-­‐Erk,	   some	   CTLs	   were	   pre-­‐treated	   with	   U0126	   (10µM)	  
(Sigma),	   a	   specific	   inhibitor	   of	   the	   MAP	   kinase	   signalling	   pathway	   (Chowdhury,	   Estrada,	  
Murray,	   Forman,	   &	   Farrar,	   2014).	   Furthermore,	   we	   evaluated	   whether	   TGF-­‐β	   inhibitors	  
rescue	   the	   expression	   of	   these	   molecules.	   Previous	   reports	   have	   reported	   that	   TGF-­‐β	  
induces	  regulatory	  CD8	  T	  cells	  with	  the	  capacity	  to	  suppress	  the	  effector	  function	  on	  other	  T	  
cells.	  To	  assess	  this	  possibility,	  the	  expression	  of	  CD103	  and	  Foxp3	  in	  CTLs	  were	  evaluated	  by	  
flow	  cytomety	  (Y.	  Liu	  et	  al.,	  2014).	  Briefly,	  a	  total	  of	  1x106	  CTLs	  per	  condition,	  were	  stained	  
with	  antibodies	  described	  in	  list	  3.1	  for	  30min	  at	  room	  temperature.	  After	  two	  washes	  with	  
PBS	   with	   2%	   BSA,	   1x105	   events	   were	   acquired	   using	   BD	   LSRFortessa	   X-­‐20	   Cell	   Analyzer	  
equipped	   with	   5	   lasers	   (Blue	   488nm,	   Red	   640nm,	   Violet	   405nm,	   UV	   375nm).	   Cells	   were	  
stained	   with	   0.5 μg/ml	   DAPI	   for	   exclusion	   of	   dead	   cells.	   The	   florescence	   minus	   one	   was	  
implemented	  in	  order	  to	  establish	  the	  gates	  properly.	  FlowJo	  software	  was	  utilized	  for	  data	  
analysis.	  
In	   case	  of	   intracellular	   protein,	   a	   total	   of	   2	   x	   106	  	  	  CTLs	   per	   each	   condition	  were	   fixed	   and	  
permeabilised	  using	  a	  BD	  Cytofix/Cytoperm™	  Fixation/Permeabilization	  Kit	  (Cat.	  #	  554714).	  
Instructions	   from	   the	   manufacturer	   were	   followed.	   In	   case	   of	   IL-­‐2,	   T	   cells	   were	   pre-­‐
incubated	   with	   GolgiPlug	   (1:1000)	   (Becton	   Dickinson)	   overnight.	   Secondary	   staining	   with	  
Alexa	  Fluor	  488	  (1:400)	  (Invitrogen)	  antibody	  against	  mouse	  was	  implemented	  in	  case	  of	  p-­‐
Erk.	   In	   the	  case	  of	   intracellular	  proteins,	   LIVE/DEAD	  aqua	   fluorescence	   (1:200)	   (Invitrogen)	  
was	  used	   to	  exclude	  dead	  cells.	   The	   list	  of	  antibodies	   implemented	   in	   this	   study	  were	   the	  
following:	  	  
Antibody	  	   Clone	  	   Fluorochrome	   Dilution	   Company	  
Anti-­‐CD103	   M290	  	   Fluorescein	  isothiocyanate	  	   (1:400)	   BD	  bioscience	  	  
Anti-­‐GranzymeB	   GB11	  	   Alexa	  Fluor	  647	   (1:200)	   BD	  bioscience	  	  
Anti-­‐pErk	  
(Thr202/Tyr204)	   Polyclonal	   	  	   (1:200)	   Cell	  signalling	  
Anti-­‐Foxp3	   259D/C7	   Alexa	  Fluor	  647	   (1:1000)	   BD	  bioscience	  	  
Table	  3.1:	  List	  of	  antibodies	  for	  flow	  cytometry.	  	  
	   57	  
3.2.2	  To	  determine	  whether	  TGF-­‐β	  influences	  the	  migration	  behaviour	  of	  CTLs	  	  
Time-­‐lapse	  imaging	  experiments	  were	  carried	  out	  to	  study	  the	  migration	  behaviour	  of	  CTLs	  
in	  the	  presence	  of	  TGF-­‐β.	  The	  development	  of	  3D	  migration	  models	  allows	  the	  study	  of	  cell	  
dynamics	  with	  high	  fidelity	  to	  in	  vivo	  behaviour	  (Wolf	  et	  al.,	  2009).	  For	  instance,	  components	  
of	  the	  extracellular	  matrix	  (ECM)	  involve	  a	  discontinuous	  fibrillar	  structure	  that	  provides	  an	  
adhesion	   substrate	   and	   a	   3D	   environment	   for	  motile	   cells,	   similar	   to	   interstitial	   tissues	   in	  
vivo	  (Provenzano,	  Eliceiri,	  Inman,	  &	  Keely,	  2010).	  Therefore,	  3D	  reconstituted	  collagen-­‐based	  
ECM	  matrices	  have	  been	  employed	  to	  determine	  the	  migration	  behaviour	  of	  T	  cells.	  In	  these	  
experiments,	  CTLs	  were	  isolated	  from	  GFPLifeact	  x	  OT-­‐1	  mice	  and	  were	  treated	  with	  TGF-­‐β	  
or	  TGF-­‐β	  inhibitors	  as	  described	  above.	  105	  CTLs	  were	  embedded	  in	  a	  collagen	  gel	  from	  rat-­‐
tail	  type	  I	  (Corning)	  and	  transferred	  to	  a	  35	  mm	  petri	  dish	  containing	  a	  14mm	  microwell	  with	  
a	  precision	  glass	   coverslip	   (Mattek).	   Four-­‐dimensional	   imaging	  data	  were	  collected	  using	  a	  
Leica	  SP5	  time-­‐lapse	  confocal	  microscopy	  (Leica	  Microsystems)	  equipped	  with	  an	  incubator	  
that	   maintains	   a	   stable	   culture	   environment.	   GFPLifeact	   was	   excited	   using	   laser	   light	   of	  
488nm.	  A	  ×20	  water	  objective	  was	  used.	  Images	  were	  obtained	  from	  the	  x-­‐,	  y-­‐,	  and	  z-­‐planes,	  
with	   a	   total	   z	   thickness	   of	   60 μm	   and	   step	   size	   of	   1.6 μm	   to	   allow	   for	   the	   capture	   of	   a	  
complete	   z-­‐series	   every	   20 s.	   This	   was	   carried	   out	   for	   1	   hour.	   The	   resulting	   images	   were	  
analysed	  with	  Imaris	  software	  to	  obtain	  individual	  cell	  track	  data	  (Figure	  3.2).	  To	  ensure	  that	  
the	   cells	   were	   imaged	   in	   a	   3D	   context,	   the	   first	   5	   μm	   above	   the	   glass	   of	   the	   dish	   were	  
excluded.	  	  	  
	  
Figure	  3.2:	  CTLs	  migrate	  efficiently	  in	  the	  collagen	  gel.	  Schematic	  representation	  of	  a	  typical	  
image	   from	  a	  particular	   time	  point	  with	  movie	  processing	  and	  analysis	  by	   Imaris	   software.	  
Raw	  data	  of	  motile	  CTLs	  derived	   from	  GFPLifeact	   x	  OT-­‐1	  mice	   embedded	   in	  a	   collagen	  gel	  
(Left).	   Cell	   surface	   rendering	   with	   Imaris	   showing	   the	   identification	   of	   CTLs	   and	   their	  
respective	  track	  path	  (Right).	  	  	  	  	  
Several	  motility	  parameters	  are	   frequently	  used	   to	  quantify	  cell	  migration	  behaviours.	  The	  
track	  displacement	  is	  the	  net	  distance	  between	  first	  and	  last	  position.	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𝐷 =    𝐷!(𝑡! , 𝑡!)! + 𝐷!(𝑡! , 𝑡!)! + 𝐷!(𝑡! , 𝑡!)!	  
,where	  𝐷	  is	  net	  displacement,	  𝑡!	  is	  the	  position	  of	  the	  cell	  at	  the	  last	  time	  frame	  of	  the	  track	  
and	  𝑡! 	  is	  the	  position	  of	  a	  cell	  	  at	  the	  first	  time	  frame	  of	  the	  track	  .	  The	  length	  is	  the	  sum	  of	  
displacements	  within	  every	  time	  frame.	  
𝐿 =    𝐷!(𝑡, 𝑡 − 1)! +   𝐷!(𝑡, 𝑡 − 1)! + 𝐷!(𝑡, 𝑡 − 1)!!!!!!!!! 	  
,where	  𝐿	  is	   length,	  𝑡!	  is	   the	  position	  of	  the	  cell	  at	  the	   last	  time	  frame	  of	  the	  track	  and	  𝑡! 	  is	  
the	  position	  of	  a	  cell	  	  at	  first	  time	  frame	  of	  the	  track	  .	  
Cell	  migration	  speed	  is	  one	  of	  the	  most	  frequently	  studied	  parameters.	  The	  mean	  speed	  was	  
calculated	  by	  dividing	  the	  total	  length	  a	  cell	  travels	  by	  the	  duration	  of	  the	  track.	  The	  arrest	  
coefficient	   is	  a	  measure	  derived	   from	  the	   instantaneous	  speed,	   that	   is,	   the	  speed	  of	  a	  cell	  
within	   a	   particular	   time	   frame.	   By	   convention,	   the	   arrest	   coefficient	   is	   a	   fraction	   of	   time	  
when	   a	   cell	   moves	   with	   an	   instantaneous	   speed	   below	   2	   µm/sec	   (Beltman	   et	   al.,	   2009;	  
Tadokoro	  et	  al.,	  2006).	  The	  confinement	  ratio	  is	  the	  displacement	  divided	  by	  the	  total	  path	  
length	  and	  it	  measures	  how	  directly	  the	  cells	  migrate	  from	  the	  start	  point	  to	  the	  end	  point	  
and	  it	  is	  calculated	  as	  following:	  	  
Confinement  ratio =   𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡𝐿𝑒𝑛𝑔𝑡ℎ 	  
The	  turning	  angle	  is	  a	  measure	  of	  how	  the	  cells	  change	  direction	  over	  time.	  It	  is	  defined	  by	  
the	   angle	   between	   two	   vectors	   of	   displacement	   from	   two	   consecutive	   time	   frames.	   The	  
possible	  angles	  vary	   from	  0	  to	  180	  degrees	   in	  a	  3D	  environment.	  Thus,	   the	  angle	  between	  
two	  vectors	  was	  calculated	  using	  the	  following	  formula:	  	  	  	  
𝑐𝑜𝑠  𝜃 = 𝐴 ∗ 𝐵𝐴 ∗    𝐵   	  
where	   θ	   is	   the	   turning	   angle	   between	   two	   vectors	   of	   displacement	   (  𝐴	  and  𝐵),	   in	   two	  
consecutive	  time	  frames.	  The	  mean	  displacement	  is	  a	  useful	  tool	  for	  investigating	  the	  mode	  
of	   migration	   involved	   in	   a	   particular	   condition.	   The	  mean	   square	   displacement	  𝑚𝑠𝑑	  is	   a	  
measure	  of	  group	  dispersion	  and	  was	  calculated	  using	  the	  following	  formula	  (Riehl,	  Lee,	  Ha,	  
&	  Lim,	  2015):	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𝑚𝑠𝑑 𝑡 = 1𝑁 𝑥! 𝑡 − 𝑥!(0) !!!!! 	  
where	  𝑡	  is	  time,	  𝑁	  is	  the	  number	  of	  measured	  cells,	  and	  𝑥! 	  is	  the	  position	  vector	  for	  the	  𝑖	  –th	  
cell.	   The	   difference	   𝑥! 𝑡 − 𝑥!(0) 	  is	   the	   displacement	   of	   cell	  𝑖	  at	   time	  𝑡	  from	   the	   initial	  
starting	   point	  𝑥!(0).	   The	   slope	   of	   the	  𝑚𝑠𝑑	  plotted	   against	  𝑡	  is	   defined	   as	   the	   3D	  motility	  
coefficient	   (𝑴),	  which	  is	  comparable	  to	  the	  diffusion	  coefficient	  and	  this	  was	  calculated	  as	  
follows:	   𝑀 = 𝐷!6𝑡 	  
where	  𝐷	  is	  displacement	  and	  𝑡	  is	  time.	  Therefore,	  the	  average	  motility	  coefficient	  was	  used	  
as	   a	   measure	   of	   the	   volume	   a	   cell	   can	   screen	   over	   time	   (Sumen,	  Mempel,	   Mazo,	   &	   von	  
Andrian,	  2004).	  In	  addition,	  the	  alpha	  factor	  (α)	  was	  evaluated	  by	  plotting	  on	  a	  log-­‐log	  scale	  
the	  𝑚𝑠𝑑	  as	  a	   function	  of	  time.	  This	  analysis	  measures	  how	  directly	  or	  randomly	  the	  T	  cells	  
are	  migrating	  at	  a	  population	  level	  (Figure	  3.3).	  	  
	  
	  	  	  	  	  	  	  	  	  	  	   	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Figure	  3.3:	  Schematic	  representation	  of	  possible	  migration	  behaviours	  of	  cell	  populations.	  
The	  MSD	  analysis	   is	  a	  useful	  technique	  to	  evaluate	  the	  migration	  behaviour	  of	  cells.	  A)	  The	  
motility	   coefficient	   (M)	   is	   derived	   from	   the	   slope	   of	   the	   linear	   fits	   by	   plotting	   the	  MSD	   in	  
function	  of	  time.	  B)	  The	  alpha	  factor	  (α)	  (slope	  of	  log-­‐log	  fit)	  is	  a	  measure	  of	  directedness	  of	  
motile	  cells.	  By	  definition	  a	  slope	  of	  1	  determines	  a	  purely	  random	  movement	  (blue	  line),	  if	  it	  
is	  higher	  than	  1	  cells	  have	  a	  direct	  migration	  mode	  (red	  line)	  but	  if	  it	  is	  less	  that	  1	  they	  have	  a	  
confined	  migration	  mode	  (green	  line).	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3.2.3	  To	  evaluate	  whether	  TGF-­‐β	  can	  reverse	  the	  TCR	  stop	  signal.	  	  	  
The	  migration	  mode	  of	  CTLs	  is	  important	  for	  the	  clearance	  and	  elimination	  of	  the	  targets.	  In	  
the	  presence	  of	   cognate	   antigen,	   CTLs	   experience	   a	   reduction	   in	   their	  motility	   in	   order	   to	  
interact	  with	  their	  targets	  in	  a	  process	  known	  as	  the	  TCR	  stop	  signal	  (Schneider	  et	  al.,	  2006).	  
Therefore,	   in	   some	  experiments	  CTLs	  were	  embedded	   in	  a	   collagen	  gel	  with	  105	  EL-­‐4	   cells	  
labelled	  with	  CMTMR	  (Invitrogen)	  at	  5	  µM	  either	  without	  or	  loaded	  with	  SIINFEKL	  peptide.	  In	  
this	  manner,	  we	  were	  able	   to	   study	   the	  contact	   time	  between	  CTLs	  and	   target/non-­‐target	  
cells.	  The	  contact	  time	  mas	  measured	  as	  the	  time	  both	  fluorescent	  signals	  (GFP-­‐Lifeact	  and	  
CMTMR)	  were	  colocalized.	  This	  parameter	  was	  evaluated	  by	  visual	  inspection	  of	  time-­‐lapse	  
series.	   If	   the	   TGF-­‐β	   reverses	   the	   TCR	   stop	   signal,	   CTLs	   treated	   with	   TGF-­‐β	   should	   have	   a	  
reduction	   in	  the	  time	  of	  contact,	  allowing	  them	  to	  be	  more	  motile	  than	  control	  conditions	  
(Figure	   3.4).	   The	   activation	   of	   CTLs	   using	   monoclonal	   antibodies	   to	   stimulate	   the	   TCR	   is	  
another	  experimental	  approach	  to	  study	   if	  TGF-­‐β	  treatment	  reverses	  the	  stop	  signal	   (Lu	  et	  
al.,	  2012).	  Therefore,	  CTLs	  treated	  with	  TGF-­‐β	  or	  TGF-­‐β	  inhibitors	  were	  incubated	  with	  anti-­‐
CD3	   (1:1000)	   (BD	  Pharmingen)	  and	  anti-­‐CD28	   (1:1000) (BD	  Pharmingen)	   for	  30	  min.	  Then,	  
CTLs	   were	   embedded	   in	   a	   collagen	   gel	   and	   they	   were	   imaged	   using	   the	   same	   setting	  
described	   formerly.	   CMTMR	   was	   excited	   using	   laser	   light	   of	   561nm.	   As	   a	   control	   for	   cell	  
activation,	  some	  CTLs	  were	  treated	  with	  an	  IgG	  (1:500)	  isotope	  control.	  	  
	  	  	  	  	  	  	  	  	  	   	  
Figure	   3.4:	   Antigen-­‐specific	   T	   cells	   swarm	   and	   cluster	   in	   the	   presence	   of	   the	   cognate	  
antigen.	   In	   the	   absence	   of	   target	   cells	   (un-­‐pulsed	   EL-­‐4	   cells	   labelled	   with	   CMTMR),	   CTLs	  
derived	  from	  GFP	  Lifeact	  x	  OT-­‐I	  migrate	  in	  the	  collagen	  gel	  searching	  for	  the	  cognate	  antigen	  
(Left).	  Specific	  interaction	  of	  T	  cells	  with	  target	  cells	  (pulsed	  EL-­‐4	  cells	  with	  SIINFEKL	  peptide	  
labelled	   with	   CMTMR)	   induces	   the	   formation	   of	   stable	   cell	   clusters	   (Right).	   Thus,	   the	  
migration	  behaviour	  of	  control	  T	  cells	  was	  evaluated	  in	  the	  presence	  of	  target	  cells	  in	  order	  
!SIINFEKL) +SIINFEKL)
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to	   determine	   whether	   TGF-­‐β	   disrupts	   that	   interaction	   and	   changes	   the	   migration	   pattern	  
compared	  with	  control	  cells.	  	  
TCR	  activation	  triggers	  numerous	  signalling	  pathways	  that	  are	  involved	  in	  the	  reorganisation	  
of	   the	   cytoskeleton	   and	   this	   is	   important	   for	   the	   establishment	   of	   the	   immunological	  
synapse.	  Furthermore,	  TCR	  activation	  leads	  to	  morphological	  changes	  in	  CTLs	  and	  produces	  
multiple	   lamellipodia	   protrusions	   that	   affect	   the	  migration	   behaviour	   of	   T	   cells	   (Cernuda-­‐
Morollon	  et	  al.,	  2010).	  Therefore,	  we	  proposed	  to	  study	  whether	  TGF-­‐β	  are	  resistant	  to	  the	  
morphological	   changes	   mediated	   by	   TCR	   activation.	   To	   answer	   this	   question,	   CTLs	   were	  
treated	  as	  described	  above,	  where	   the	   collagen	  gel	   and	   the	  media	  were	   labelled	  with	   the	  
succinimidyl	  ester	  of	  the	  Aexa-­‐Fluor	  647	  (1µg/ml)	  (Invitrogen).	  High-­‐resolution	  imaging	  data	  
were	  collected	  using	  a	  Leica	  SP5	  time-­‐lapse	  confocal	  microscopy	  (Leica	  Microsystems).	  The	  
images	   were	   obtaining	   using	   a	   40x	   water	   objective.	   In	   order	   to	   acquire	   images	   in	   high	  
resolution,	   a	   z-­‐thickness	  of	   30	  μm	  and	   step	   size	  of	   0.5	  μm	  was	   implemented	   to	   allow	   the	  
capture	  of	  a	  complete	  z-­‐series	  every	  10 s.	  This	  was	  carried	  out	   for	  20	  min.	  The	  Alexa-­‐Fluor	  
647	   was	   excited	   using	   the	   laser	   light	   633nm.	   In	   this	   approach,	   an	   extracellular	   and	   non-­‐
permeable	  dye	   (Alexa	  Fluor	  647)	  was	  added	  to	   the	  gel	  and	  media.	  Using	  a	  combination	  of	  
thresholding	   and	   histogram	   inversion	   of	   the	   fluorescent	   intensities	   in	   the	   channel	   of	   the	  
Alexa	  Flour	  647	  the	  cell	  contour	  was	  identified	  (Biro	  et	  al.,	  2013)	  (Figure	  3.5).	  According	  to	  
the	  definition,	  a	  protrusion	  is	  an	  extension	  of	  the	  cell	  body	  that	  is	  capable	  of	  retraction	  (Rizvi	  
et	  al.,	  2009).	  Therefore,	  each	  cell	  was	  divided	  in	  small	  objects	  that	  met	  those	  requirements	  
using	   the	   cell	   split	   function	   from	   the	   Imaris	   software.	   In	   this	   way,	   every	   protrusion	   was	  
separated	   from	   the	  main	   body	   and	   treated	   as	   a	   different	   object	   where	   we	   were	   able	   to	  
quantify	   the	   number,	   surface	   area	   and	   life	   span	   of	   every	   protrusion	   from	   CTLs	   under	  
different	  conditions	  (Figure	  3.5).	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Figure	  3.5:	  Schematic	  representation	  of	  the	  identification	  and	  quantification	  of	  protrusions	  
on	  CTLs.	   Identification	  of	  protrusions	  from	  a	  migrating	  CTL	  embedded	  in	  the	  collagen	  gel.	  A	  
non-­‐permeable	  Alexa	  Fluor	  SE	  dye	  is	  added	  to	  the	  bathing	  medium	  (left	  panel).	  The	  inverted	  
signal	   from	   the	  Alexa	   Fluor	   enables	   the	   trivial	   definition	  of	   cell	   boundaries	   (central	   panel).	  
Using	   Imaris	   software,	   CTLs	   were	   split	   into	   small	   objects	   allowing	   the	   identification	   and	  
quantification	  of	  protrusions.	  	  	  	  
The	   recognition	   of	   target	   cells	   by	   naïve	   T	   cells	   induces	   differentiation	   into	   effector	   T	   cells	  
(Chang	   et	   al.,	   2014).	   	   The	   expression	   of	   different	   molecular	   markers	   defines	   particular	  
subtypes	  of	  T	  cells.	  Effector	  CTLs	  were	  defined	  as	  those	  expressing	  high	  levels	  of	  CD44	  and	  
downregulating	   CD62L.	   Furthermore,	   CD25	   and	   CD69	   were	   evaluated	   not	   only	   to	  
characterise	   the	   population	   of	   CTLs	   but	   also	   to	   determine	   the	   level	   of	   T	   cell	   activation	   in	  
CTLs	   treated	  with	   the	  conditions	  described	  above.	  All	  of	   these	  markers	  were	  evaluated	  by	  
flow	   cytometry	   as	   described	   previously.	   Thus,	   the	   morphological	   changes	   caused	   by	   the	  
different	   treatments	   were	   correlated	   with	   the	   expression	   of	   the	   activation	   markers.	   The	  
following	  table	  shows	  the	  antibodies	  and	  their	  respective	  dilutions	  used	  in	  this	  chapter.	  	  	  
Antibody	  	   Clone	  	   Fluorochrome	   Dilution	   Company	  
Anti-­‐Vα2	   B20.1	   Phycoerythrin	   (1:400)	   e-­‐Bioscience	  	  
Anti-­‐CD8	   53-­‐6.7	   Allophycocyanin/Cy-­‐7	   (1:200)	   BD	  bioscience	  	  
Anti-­‐CD25	   PC61	   Allophycocyanin	   (1:200)	   BD	  bioscience	  	  
Anti-­‐CD69	   H1.2F3	   Phycoerythrin	   (1:200)	   BD	  bioscience	  	  
Anti-­‐CD62-­‐L	   MEL-­‐14	   Phycoerythrin	   (1:1000)	   BD	  bioscience	  	  
Anti-­‐CD44	   IM7	   Allophycocyanin	   (1:200)	   e-­‐Bioscience	  	  
Table	  3.2:	  List	  of	  antibodies	  used	  for	  flow	  cytometry.	  	  	  	  
0"sec"
220"sec"
320"sec"
10"µm"
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3.3)	  Results	  	  
3.3.1	  TGF-­‐β	  negatively	  affects	  the	  capacity	  of	  CTLs	  to	  kill	  their	  target	  cells	  
It	   is	   widely	   accepted	   that	   CTLs	   can	   be	   responsible	   for	   the	   killing	   of	   tumour	   cells.	   The	  
presence	  of	  functional	  CTLs	  against	  tumour	  antigens	  is	  a	  prerequisite	  for	  the	  immune	  system	  
to	  eliminate	  tumours	  (Aerts	  &	  Hegmans,	  2013).	  However,	  cancer	  cells	  can	  avoid	  the	  immune	  
response,	   a	   process	   that	   is	   mediated	   by	   several	   mechanisms.	   It	   has	   been	   shown	   that	  
numerous	   components	   of	   the	   tumour	   microenvironment	   produce	   TGF-­‐β,	   a	   potent	  
immunosuppressive	   cytokine	   that	   impairs	   CTL	   functionality	   (Massague,	   2008).	   In	   this	  
manner,	  CTLs	   ‘tolerate’	   the	  presence	  of	  cancer	  cells	  even	  though	  they	  express	   the	  specific	  
cognate	   antigen.	   In	   the	   present	   study,	   CTLs	   were	   treated	   with	   TGF-­‐β	   at	   different	  
concentrations	  at	  different	  time	  points	  to	  establish	  the	  conditions	  by	  which	  TGF-­‐β	  reduces	  
the	  capacity	  of	  CTLs	  to	  kill	  their	  respective	  targets.	  CTLs	  treated	  with	  TGF-­‐β	  at	  100pM	  for	  48	  
hours	   (CTLsTGF-­‐β)	   decreases	   cytotoxic	   index	   by	   around	   33.33%	   compared	   with	   the	   control	  
condition	  (Figure	  3.6B).	  At	  72	  hours	  of	  TGF-­‐β	  treatment,	  the	  cytotoxic	  capacity	  was	  slightly	  
re-­‐established,	   consistent	   with	   other	   reports	   of	   diminished	   TGF-­‐β	   effects	   due	   to	   its	   short	  
half-­‐life	   (Wakefield	   et	   al.,	   1990).	   Therefore,	   for	   subsequent	   experiments,	   CTLs	   would	   be	  
treated	  with	  TGF-­‐β	  at	  100pM	  for	  24	  hours	  due	  its	  consistency	  in	  reducing	  cytotoxic	  capacity.	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Figure	   3.6:	   TGF-­‐β	   impairs	   the	   cytotoxic	   capacity	   of	   CTLs	   to	   kill	   their	   respective	   targets.	  
Pulsed	  cells	  (+SIINFEKL)	  and	  non-­‐pulsed	  cells	  (-­‐SIINFEKL)	  were	  co-­‐cultured	  with	  CTLs	  derived	  
from	  spleens	  from	  OTI	  X	  Tomato	  and	  treated	  with	  TGB-­‐β 	  at	  10pM,	  100pM	  and	  1nM	  at	  A)	  
24H,	  B)	  48H	  and	  c)	  72H.	  The	  cytotoxic	  index,	  a	  measure	  of	  killing,	  was	  derived	  by	  comparing	  
the	   initial	  proportion	  of	  pulsed	   cells	  and	  non-­‐pulsed	   cells	   (input)	  and	   the	  proportion	  of	   live	  
cells	   from	   both	   populations	   after	   3	   hours	   of	   cytotoxic	   assay	   as	   shown	   in	   the	   histograms	  
(above).	  The	  histograms	  are	  representative	  of	  three	  independent	  experiments.	  	  	  	  	  	  	  
In	  order	  to	  determine	  that	  the	  impairment	  of	  killing	  is	  specific	  to	  TGF-­‐β	  treatment,	  CTLsTGF-­‐β	  
were	  treated	  with	  different	  inhibitors	  of	  TGFβRI	  (SB-­‐431542,	  SD-­‐208	  and	  LY-­‐2157299).	  As	  a	  
control,	  CTLs	  were	  treated	  with	  the	  highest	  concentration	  of	  the	  vehicle	  of	  the	  drugs,	  that	  is,	  
DMSO	   (Vehicle	   condition).	   The	   TGFβRI	   inhibitors	   are	   small	  molecules	   and	   they	   have	   been	  
described	   as	   being	   potent	   and	   very	   selective	   in	   blocking	   the	   TGF-­‐β	   signalling	   pathway	  
(Yingling	   et	   al.,	   2004).	   These	   molecules	   have	   the	   potential	   to	   inhibit	   other	   kinases	   if	   the	  
concentration	  used	  is	  above	  10µM	  (S.	  B.	  Peng	  et	  al.,	  2005).	  Therefore,	  CTLsTGF-­‐β	  were	  treated	  
with	   several	   TGF-­‐β	   inhibitors	   at	   different	   concentrations	   for	   48	   hours,	   taking	   into	  
consideration	  their	  half	  maximal	  inhibitory	  concentration.	  In	  this	  way,	  CTLsTGF-­‐β	  were	  treated	  
with	  SB-­‐431542	  at	  1µM,	  5	  µM	  and	  10µM	  (CTLs+SB-­‐43)	  or	  SD-­‐208	  at	  0.1µM,	  0.5µM	  and	  1	  µM	  
(CTLs+SD-­‐208)	   or	   LY-­‐2157299	   at	   0.1µM,	   0.5µM	   and	   1	   µM	   (CTLs+LY-­‐21).	   These	   cells	   were	  
challenged	  with	   target	   cells	   to	   evaluate	  whether	   the	   inhibition	  of	   the	   TGF-­‐β	   rescued	   their	  
A) B) C) 
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capacity	  for	  killing	  (Figure	  3.7).	  The	  capacity	  of	  CTLsTGF-­‐β	  to	  kill	  their	  targets	  was	  rescued	  with	  
the	   lowest	  concentration	   tested	  of	  SB-­‐431542	   (1µM)	  and	  SD-­‐208	   (0.1µM).	  For	   LY-­‐2157299	  
cytotoxic	  capacity	  was	  rescued	  at	  1µM	  (Figure	  3.7C).	  	  
	  
Figure	   3.7:	   TGFβ	   inhibition	   rescues	   the	   capacity	   of	   killing	  of	   CTLs.	  CTLs	  TGF-­‐β	  were	   treated	  
with	  A)	  SB43154,	  or	  B)	  SD-­‐208	  or	  C)	  LY2157299	  at	  different	  concentrations	  for	  24	  hours.	  The	  
cytotoxic	   index	  was	   derived	   from	   the	   initial	   proportion	   of	   pulsed	   cells	   (+SIINFEKL)	   vs.	   non-­‐
pulsed	   cells	   (-­‐SIINFEKL)	   and	   the	   surviving	   proportion	   of	   both	   populations	   after	   3	   hours	   of	  
cytotoxic	  assay.	  Histograms	  are	  representative	  of	  four	  independent	  experiments.	  	  	  	  
It	  is	  known	  that	  TGFβ	  targets	  genes	  that	  are	  related	  to	  the	  effector	  function	  of	  CTLs,	  thereby	  
impairing	  their	  ability	  to	  kill	   target	  cells	   (Thomas	  &	  Massague,	  2005).	  Therefore,	  Granzyme	  
B,	  Il2	  and	  CD103	  were	  evaluated	  in	  order	  to	  confirm	  the	  immunosuppressive	  effect	  of	  TGF-­‐β	  
on	  CTLs.	  It	  was	  found	  that	  CTLsTGF-­‐β	  expressed	  less	  Granzyme-­‐B	  and	  IL-­‐2	  in	  comparison	  with	  
the	   control	   CTLs	   (Figure	   3.8).	   In	   addition,	   CTLsTGF-­‐β	   were	   treated	   with	   the	   minimal	  
concentration	  of	  the	  TGFβ	  inhibitors	  which	  rescued	  the	  killing	  capacity	  of	  CTLsTGF-­‐β.	  All	  TGF-­‐β	  
inhibitors	   not	   only	   restored	   the	   expression	   of	   these	   genes	   but	   also	   increased	   their	  
expression	   level	   compared	  with	   control	   CTLs.	   This	   finding	   suggests	   that	   there	   are	   residual	  
levels	  of	  TGF-­‐β	  in	  the	  medium.	  Previous	  work	  has	  shown	  that	  the	  fetal	  serum	  calf	  contains	  
A) B) C) 
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significant	  levels	  of	  TGF-­‐β	  (R.	  Li	  et	  al.,	  2010).	  Another	  possibility	   is	  that	  some	  receptors	  are	  
constitutively	  active	  even	   in	   the	  absence	  of	   the	   ligand	  (Kovacs	  et	  al.,	  2014).	  Thus,	  blocking	  
the	   TGF-­‐β	   signalling	   pathway	   could	   enhance	   the	   cytotoxic	   capacity	   of	   CTLs.	   	   CD103	   is	  
considered	  a	  marker	  of	   regulatory	  T	   cells	  on	  CD8+	  T	   cells	   and	   is	   tightly	   regulated	  by	  TGFβ.	  
Consistently,	   CTLsTGF-­‐β	  expressed	  high	   levels	   of	   CD103	   in	   comparison	  with	   the	   control	   CTLs	  
(Figure	   3.8).	   In	   contrast,	   CD103	   is	   expressed	   at	   low	   levels	   in	   CTLs	   treated	   with	   the	   TGFβ	  
inhibitors.	  These	  results	  confirm	  that	  TGFβ	  induces	  an	  anergic	  phenotype	  of	  CTLs,	  where	  the	  
cytotoxic	   capacity	   is	   impaired	   and	   the	   expression	   of	   genes	   involved	   in	   this	   process	   are	  
downregulated	   (Granzyme	   B	   and	   IL-­‐2).	   Furthermore,	   the	   over-­‐expression	   of	   CD103	   in	  
CTLsTGF-­‐β	   suggests	   that	   TGFβ	   induces	   a	   regulatory	   phenotype	   of	   CTLs	   with	   potential	  
immunosuppressive	   capacities	   (Y.	   Liu	   et	   al.,	   2014).	   The	   expression	   of	   Foxp3	   was	   not	  
consistently	  affected	  by	  the	  conditions	  tested	  (Figure	  3.8).	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
Figure	  3.8:	  TGF-­‐β 	  targets	  genes	  that	  are	  related	  with	  cytotoxic	  functions	  on	  CTLs.	  TGF-­‐β	  
targeted	  genes	  are	  involved	  in	  the	  effector	  function	  of	  CTLs	  and	  include	  IL2	  and	  Granzyme-­‐B	  
(upper	  plots).	  TGF-­‐β	  seemed	  to	  induce	  regulatory	  CD8+	  T	  cells	  by	  enhancing	  the	  expression	  
level	  of	  CD103	  but	  not	  Foxp3	  (lower	  plots).	  Level	  of	  expression	  was	  measured	  by	  calculating	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the	   geometric	   mean	   of	   the	   fluorescence	   intensity	   (MFI)	   on	   CTLs	   treated	   as	   indicated.	  
Histograms	  are	  representative	  of	  at	  least	  2	  independent	  experiments	  for	  every	  gene.	  	  	  	  
3.3.2	  TGF-­‐β	  affects	  the	  migration	  behaviour	  of	  CTLs	  	  
Upon	   establishing	   that	   TGF-­‐β	   induces	   immunosuppression	   of	   CTLs	   and	   determining	   the	  
minimal	  concentration	  by	  which	  each	  TGF-­‐β	  inhibitor	  rescues	  the	  cytotoxic	  capacity	  of	  CTLs	  
for	  killing	  their	  targets,	  we	  defined	  a	  model	  to	  study	  the	  migration	  behaviour	  of	  CTLs	  under	  
different	  conditions	  (Figure	  3.9).	  CTLs	  derived	  from	  a	  GFP-­‐Lifeact	  x	  OT-­‐I	  were	  embedded	  in	  a	  
collagen	   gel	   with	   un-­‐pulsed	   (non-­‐target)	   EL-­‐4	   cells	   stained	   with	   CMTMR.	   Time-­‐lapse	  
microscopy	   allowed	   the	   tracking	   of	   single	   cells.	   In	   order	   to	   reduce	   the	   variability	   of	   cells	  
coming	   from	   different	   donors,	   cells	   were	   cryopreserved	   at	   day	   three	   from	   isolation.	   We	  
previously	   reported	   that	   the	   cryopreservation	   did	   not	   alter	   the	   effector	   function	   of	   CTLs	  
(Chapter	  2).	  	  
	  
Figure	  3.9:	  Schematic	  representation	  of	  the	  model	   for	  studying	  migration	  of	  CTLs	   in	  a	  3D	  
environment.	   CTLs	   were	   isolated	   from	   a	   GFP-­‐Lifeact	   x	   OT-­‐1	  mouse	   and	   were	   pulsed	   with	  
SIINFEKL	   peptide	   as	   describe	   in	   chapter	   3.1.	   At	   day	   2,	   CD8+	   T	   cells	  were	   treated	  with	   IL-­‐2	  
every	  48	  hours	  to	  expand	  and	  differentiate	  the	  cells	  to	  CTLs.	  At	  day	  3	  after	   isolation	  T	  cells	  
were	  cryopreserved	  as	  is	  indicated.	  At	  day	  4	  from	  the	  isolation,	  CTLs	  were	  treated	  with	  TGF-­‐β	  
at	  100pM	  for	  48	  hours	  with	  or	  without	  the	  following	  inhibitors	  of	  TGF-­‐β:	  SB431542	  at	  1µM,	  
SD-­‐208	  at	  0.1µM,	  or	  LY21577299	  at	  1µM	  for	  24	  hours.	  At	  day	  6,	  the	  CTLs	  were	  embedded	  in	  
a	   collagen	  gel	  with	  EL-­‐4	   labelled	  with	  CMTMR	  at	  1:1	   ratio.	   In	   some	  experiments	   EL-­‐4	   cells	  
were	  pulsed	  with	  SIINFEKL	  peptide	  to	  become	  targets	  for	  the	  CTLs.	  Time-­‐lapse	  microscopy	  in	  
three	   dimensions	   allowed	   acquisition	   of	   data	   from	   tracked	   cells	   for	   1	   hour	   of	   imaging.	   To	  
ensure	  that	  the	  imaging	  was	  carried	  out	  in	  the	  gel,	  images	  from	  the	  5µm	  immediately	  above	  
the	  glass	  was	  rejected.	  	  	  	  	  	  	  	  
Effector	  T	   cells	   can	  migrate	  efficiently	   in	  any	   type	  of	   tissue.	  However,	   some	  environments	  
are	  more	  confined	  than	  others.	  For	  instance,	  the	  average	  speed	  of	  T	  cells	  in	  the	  lymph	  node	  
can	   reach	   10µm/min	   (Katakai,	   Habiro,	  &	   Kinashi,	   2013).	   In	   contrast,	   the	   average	   speed	   in	  
GFP$Lifeact,x,OT$1,
!"SIINFEKL"
+"SIINFEKL"
0, 2, 4, 6,
+"SIINFEKL"
Days,
S9mula9on:,IL2,
EL$4,(CMTMR),
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non-­‐lymphoid	  organs	  has	  been	  found	  to	  be	  about	  6	  µm/min	  (Matheu	  et	  al.,	  2013).	  We	  show	  
that	  in	  the	  absence	  of	  antigen,	  control	  CTLs	  were	  able	  to	  migrate	  efficiently	   in	  the	  collagen	  
gel	  with	  an	  average	  speed	  of	  4.995	  µm/min	   	  0.1162	  (Figure	  3.10B).	  In	  the	  presence	  of	  TGF-­‐
β,	   CTLs	  had	   longer	   track	   lengths	   and	   greater	  mean	   square	  displacement	   (MSD)	   from	   their	  
origin	   compared	  with	   the	   control	   condition	   (Figure	  3.10A).	   Furthermore,	   these	   cells	   had	  a	  
higher	   average	   speed	   of	   6.630	   µm/min	   	  0.1303.	   The	   three	   different	   TGF-­‐β	   inhibitors	  
restored	  the	  motility	  pattern	  to	  that	  seen	  in	  the	  control	  condition	  (Figure	  3.10B).	  However,	  
CTLs+LY-­‐21	   slightly	   reduced	   the	   average	   speed	   (4.408	   µm/min	   	  0.1741)	   compared	   with	  
control	  CTLs.	  	  
Motile	  T	  cells	  are	  constitutively	  searching	  for	  their	  cognate	  antigen.	  In	  this	  way,	  T	  cells	  stop	  
to	   interact	  with	  other	  cells	   in	  order	  to	  screen	  for	  antigen.	   In	  the	  absence	  of	   the	  antigen,	  T	  
cells	  detach	  to	  move	  on	   in	  order	  to	  screen	  other	  cells.	  The	  arrest	  coefficient	  measures	  the	  
proportion	  of	  time	  a	  particular	  cell	  stops	  (<2µm/min)	  either	  because	  T	  cells	  are	   interacting	  
with	  other	   cells	   or	   because	   T	   cells	   pause	   to	   look	   for	   antigens	   in	   a	   given	   area	   (Egen	  et	   al.,	  
2011;	  Munoz,	  Biro,	  &	  Weninger,	  2014).	  We	  found	  CTLsTGF-­‐β	  were	  less	  arrested	  compared	  with	  
control	  CTLs	  (mean	  arrest	  coefficient	  =	  0.27	  vs.	  0.17	  respectively)	   (Figure	  3.10D).	  All	  of	  the	  
TGF-­‐β	   inhibitors	   showed	   a	   similar	   effect	   on	   the	   arrest	   coefficient	   and	   there	   was	   no	  
difference	  compared	  with	  control	  CTLs.	  Additionally,	  CTLsTGF-­‐β	   travelled	  more	  directly	   than	  
CTLs	   in	   the	   control	   condition	   (mean	   confinement	   ratio=	  0.29	   vs.	   0.35	   respectively)	   (Figure	  
3.10C)	  and	  had	  significantly	  reduced	  turning	  angles,	  from	  60.620	  under	  control	  conditions	  to	  
55.150	   with	   TGF-­‐β	   (Figure	   3.10E).	   On	   the	   other	   hand,	   TGF-­‐β	   inhibition	   restored	   the	  
confinement	  ratio	  with	  exception	  of	  SB431542	  (Figure	  3.10C).	  This	  outcome	  shows	  that	  not	  
all	  the	  inhibitors	  had	  the	  same	  efficacy	  in	  restoring	  the	  parameters	  modified	  by	  TGF-­‐	  β.	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Figure	  3.10:	   TGF-­‐β 	   increases	  motility	  of	   CTLs.	  CTLs	  derived	   from	  GFP	  Lifeact	  x	  OT-­‐1	  were	  
embedded	   in	  a	  collagen	  gel	  with	  un-­‐pulsed	  EL-­‐4	  cells	   labelled	  with	  CMTMR	  at	  1:1	   ratio.	  A)	  
Three-­‐dimensional	  reconstruction	  of	  representative	  tracks	  lengths	  from	  control	  CTLs	  or	  CTLs	  
primed	  with	  TGF-­‐β 	  at	  100nM	  in	  the	  presence	  or	  absence	  of	  TGF-­‐β 	  inhibitors	  on	  a	  collagen	  
gel.	  The	  colour	  code	  bar	  represents	  the	  squared	  displacement	  of	  every	  track.	  B)	  Distribution	  
of	  the	  average	  speed	  of	  CTLs	  described	  in	  A).	  C)	  Distribution	  of	  the	  confinement	  ratio	  of	  CTLs	  
E) 
A) 
B) C) 
D) 
Vehicle TGF-β  LY21577299  
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described	   in	   A).	   D)	   Distribution	   of	   the	   arrest	   coefficients	   of	   CTLs	   described	   in	   A).	   E)	  
Distribution	  of	  the	  turning	  angle	  of	  CTLs	  described	   in	  A).	  Data	  were	  pooled	  from	  two-­‐stage	  
position	  from	  three	  independent	  experiments.	  Differences	  between	  means	  were	  tested	  using	  
Kruskal-­‐Wallis	   followed	  by	  Dunn’s	  multiple	   comparison	   test	   (GraphPad	  Prism	  5.0),	  where	  n	  
denotes	  the	  number	  of	  tracks	  per	  condition,	  *P	  <	  0.05,	  **P	  <	  0.01	  and	  ***	  P	  <	  0.001.	  	  	  	  	  	  	  	  	  
To	  determine	  quantitatively	  how	  TGF-­‐β	  affects	  the	  migration	  behaviour	  of	  CTLs,	  the	  motility	  
coefficient	  was	  calculated.	  The	  analysis	  assumed	  that	  T	  cells	  display	  Brownian	  movement,	  as	  
the	  motility	  coefficient	  is	  derived	  from	  the	  slope	  of	  the	  best	  linear	  fit	  to	  the	  mean-­‐squared	  
displacement	  (MSD)	  as	  a	  function	  of	  time	  (Beltman	  et	  al.,	  2009).	  Based	  on	  this	  information,	  
TGF-­‐β	   increases	   the	  motility	   coefficient	  by	  40.77	  µm^2/min	   compared	   to	   the	   control	  CTLs	  
(15.60	   µm^2/min)	   (Figure	   3.11).	   Therefore,	   CTLsTGF-­‐β	  can	   survey	   larger	   volumes	   compared	  
with	  control	  cells.	  However,	  when	  the	  MSD	  as	  a	  function	  of	  time	  is	  plotted	  on	  a	  log-­‐log	  scale,	  
the	  slope	  (α)	  of	  the	  line	  is	  1.350	  in	  the	  control	  condition.	  This	  suggests	  that	  CTLs	  that	  migrate	  
in	  the	  collagen	  gel	  do	  not	  migrate	  randomly,	  instead	  they	  display	  a	  more	  directed	  migration	  
and	   displace	   further	   than	   Brownian	  walkers	   (Figure	   3.11).	   In	   the	   presence	   of	   TGF-­‐β,	   CTLs	  
migrate	  even	  more	  directedly	  (α	  =	  1.476)	  compared	  with	  control	  CTLs.	  Strikingly,	  with	  TGF-­‐β	  
inhibition,	  CTLs	  migrate	  less	  directedly	  and	  appear	  to	  describe	  a	  more	  Brownian-­‐like	  motion.	  
	  	  	  	  	  	  	  	  	  	  
	   	  	  
Figure	   3.11:	   TGF-­‐β 	   induces	   a	   directed	   migration	   mode	   on	   CTLs.	   Mean	   squared	  
displacement	   analysis	   of	   migratory	   CTLs	   treated	   as	   indicated.	   Main	   plot	   on	   log-­‐log	   scale,	  
insert	   graph	   on	   linear	   scale.	   The	   alpha	   factor	   (slope	   of	   the	   log-­‐log	   graph)	   determines 
directedness	  of	  a	  migrating	  population.	  The	  motility	  coefficient	  is	  a	  measure	  of	  how	  fast	  cells	  
displace	   from	   their	   starting	   positions	   during	   a	   random	  walk	   process.	   Points:	  mean	   ±	   SEM.	  
Lines:	   linear	   fit.	   Data	   were	   pooled	   from	   two-­‐stage	   position	   from	   two	   independent	  
experiments.	   Table	   lists	   directedness	   (alpha)	   and	   motility	   coefficient	   values	   for	   each	  
condition.	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These	   findings	   demonstrate	   that	   T	   cells	   can	   migrate	   efficiently	   in	   confined	   environments	  
such	  as	   the	  collagen	  matrix.	   In	   standard	  conditions,	  CTLs	  alternate	  between	  migrating	  and	  
arrested	  phases	  that	  are	  only	  observed	  in	  3D	  environments	  (Mrass,	  Petravic,	  Davenport,	  &	  
Weninger,	  2010).	  CTLs	  arrest	  their	  migration	  for	  short	  periods	  of	  time.	  In	  the	  present	  study,	  
CTLs	   had	   a	   speed	   below	   2µm/min	   for	   27%	  of	   the	   total	   track	   duration	   (Figure	   3.10C).	   It	   is	  
known	  that	  T	  cells	  regain	  migration	  intrinsically	  when	  they	  are	  in	  ‘arrested’	  mode	  (Gerard	  et	  
al.,	  2014).	  During	  the	  arrest	  phase	  T	  cells	  increase	  turning	  and	  meandering	  motility	  followed	  
by	  a	  more	  directed	  migration	  where	   they	   increase	  speed.	  This	  migration	  pattern	  has	  been	  
associated	  with	  the	  searching	  capacity	  of	  T	  cells.	  Thus,	  these	  sporadic	  pauses	  are	  necessary	  
for	  CTLs	  to	  scan	  for	  antigens	  in	  a	  particular	  area.	  Here	  we	  show	  that	  TGF-­‐β	  alters	  this	  pattern	  
of	  migration.	  TGF-­‐β	  increased	  speed	  (Figure	  3.10B),	  decreased	  turning	  angles	  (Figure	  3.10E)	  
but	  also	  reduced	  confinement	  ratios	  (Figure	  3.10C).	  There	  was	  a	  significant	  reduction	  of	  the	  
arrest	  coefficient	  in	  CTLsTGF-­‐β	  compared	  with	  the	  control	  CTLs	  (Figure	  3.10D).	  These	  outcomes	  
suggest	  that	  TGF-­‐β	  affects	  the	  normal	  migration	  behaviour	  of	  CTLs	  such	  that	  they	  have	  fewer	  
episodes	   of	   arrest	   and	   displace	   further	   overall	   (Figure	   3.10A).	   This	   behaviour	   was	   also	  
observed	  in	  the	  MSD	  analysis,	  where	  CTLsTGF-­‐β	  described	  a	  more	  directed	  migration	  mode	  (α	  
=	  1.476)	  (Figure	  3.11).	  	  	  
3.3.3	  TGF-­‐β	  can	  reverse	  the	  TCR	  stop	  signal.	  	  	  
Interaction	  between	  T	  cells	  and	  other	  types	  of	  cells	  interferes	  however	  with	  T	  cell	  scanning	  
speed.	  For	  instance,	  in	  the	  absence	  of	  the	  antigen,	  effector	  T	  cells	  can	  interact	  with	  almost	  
100	  different	  dendritic	  cells	  per	  hour	  (Beltman,	  Maree,	  Lynch,	  Miller,	  &	  de	  Boer,	  2007).	  This	  
interaction	   is	  dynamic	  and	  transient	  until	  T	  cells	  encounter	  their	  cognate	  antigen	  and	  they	  
arrest	  their	  mobility	  in	  order	  to	  form	  the	  immunological	  synapse	  (IS)	  with	  antigen-­‐presented	  
cells.	  When	  the	  IS	  is	  formed,	  the	  engagement	  between	  T	  cell	  and	  target	  cells	  becomes	  stable	  
and	  this	  can	  take	  more	  than	  6	  hours	  (Mempel	  et	  al.,	  2006).	  This	  process	  is	  well-­‐known	  as	  the	  
TCR	  stop	  signal.	  TCR	  sends	  a	  stop	  signal	  to	  T	  cells	  thereby	  reducing	  their	  mobility,	  a	  process	  
that	  is	  driven	  by	  cytoskeleton	  dynamics	  (Beemiller	  &	  Krummel,	  2010).	  However	  under	  some	  
circumstances	   T	   cells	   can	   override	   the	   TCR	   stop	   signal.	   T	   cells	   that	   express	   high	   levels	   of	  
CTLA-­‐4	   reduce	   the	   contact	   time	  between	   T	   cells	   and	  dendritic	   cells	   (DCs)	   loaded	  with	   the	  
cognate	  antigen.	  PD-­‐1,	  another	  regulatory	  molecule,	  also	  has	  the	  capacity	  to	  reverse	  the	  TCR	  
stop	   signal.	   The	   presence	   of	   regulatory	   T	   cells	   disrupt	   stable	   contacts	   between	   effector	   T	  
cells	  and	  DCs	  and	  is	  dependent	  on	  IL-­‐10	  (Lin	  et	  al.,	  2014).	  The	  reversal	  of	  the	  TCR	  stop	  signal	  
is	  associated	  with	  a	  low	  killing	  efficiency	  of	  T	  cells	  (Mempel	  et	  al.,	  2006).	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Effector	  T	  cells	  swarm	  and	  cluster	  when	  they	  find	  target	  cells	  containing	  the	  cognate	  antigen	  
(Tang	  et	  al.,	  2006). TGF-­‐β	  induces	  immunosuppression	  on	  CTLs	  affecting	  their	  capacity	  to	  kill	  
their	   respective	   targets.	   Furthermore,	   it	   affects	   the	   migration	   pattern	   of	   T	   cells	   in	   the	  
absence	  of	   target	   cells.	   Therefore,	  we	   tested	   the	  hypothesis	   that	  TGF-­‐β	   could	  prevent	   the	  
TCR	  stop	  signal	   thereby	  explaining	   the	  poor	  killing	   in	   these	  cells.	   In	   the	  presence	  of	   target	  
cells,	  control	  CTLs	  slowed	  down	  and	  swarmed	  around	  antigen-­‐bearing	  EL-­‐4	  cells.	  These	  cells	  
had	  an	  average	  speed	  of	  3.124	   	  0.1287	  µm/min	  and	  also	  shorter	  tracks	  from	  the	  origin.	  In	  
contrast,	  CTLsTGF-­‐β	  had	  a	  mean	  speed	  of	  3.933	   	  0.1311	  µm/min	  with	  longer	  tracks	  from	  the	  
origin	  in	  the	  presence	  of	  the	  antigen	  (Figure	  3.12A	  and	  3.12B).	  In	  the	  presence	  of	  the	  TGF-­‐β	  
inhibitors,	  CTLs	   slowed	  and	   swarmed	  with	  an	  average	   speed	  of	  2.761	   	  0.1354	  µm/min	   in	  
case	   of	   LY2157299.	   There	  was	   no	   significant	   difference	   between	   the	   other	   inhibitors	   and	  
control	  (Figure	  3.12B).	  CTLsTGF-­‐β	  had	  consistently	  lower	  arrest	  coefficients	  and	  they	  travelled	  
straighter	  paths	  compared	  with	  control	  CTLs	  (Figure	  3.12C	  and	  3.12D).	  In	  the	  presence	  of	  the	  
TGF-­‐β	   inhibitors,	   there	   was	   a	   reduction	   of	   the	   confinement	   ratio	   of	   CTLs	   at	   comparable	  
levels	   as	   control	   CTLs,	   however	   in	   case	   of	   SB431542	   that	   reduction	   was	   no	   significant	  
compared	  with	   CTLsTGF-­‐β	  (Figure	   3.12C).	   In	   addition,	   CTLsTGF-­‐β	  increased	   their	   turning	   angles	  
when	   the	   antigen	   was	   given	   compared	   with	   control	   CTLs	   (59.260	   vs.	   75.700	   respectively)	  
(Figure	   3.12E).	   Furthermore,	   control	   CTLs	   had	   stable	   interactions	   with	   their	   respective	  
targets	   during	   the	   duration	   of	   experiments.	   In	   contrast,	   TGF-­‐β	   reduced	   contact	   times	  
between	   T	   cells	   and	   target	   cells	   (Figure	   3.13).	   This	   may	   explain	   why	   in	   the	   presence	   of	  
antigen,	  CTLsTGF-­‐β	  acquired	  enhanced	  motility.	  In	  the	  absence	  of	  a	  stable	  interaction,	  CTLs	  can	  
migrate	  freely	  in	  the	  collagen	  gel.	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Figure	  3.12:	  TGF-­‐β 	  reverses	  the	  TCR	  stop	  signal.	  CTLs	  derived	  from	  GFP	  Lifeact	  x	  OT-­‐1	  were	  
embedded	   in	  a	  collagen	  gel	   in	   the	  presence	  of	  EL-­‐4	  cells	   labelled	  with	  CMTMR	  pulsed	  with	  
A) Vehicle TGF-β  LY21577299  
E) 
B) C) 
D) 
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SIINFEKL	   peptide	   at	   1:1	   ratio.	  A)	   Three-­‐dimensional	   reconstruction	   of	   representative	   track	  
lengths	  from	  the	  origin	  from	  control	  CTLs	  (Vehicle)	  or	  CTLs	  treated	  with	  TGF-­‐β 	  at	  100nM	  for	  
48	  hours	  in	  the	  presence	  or	  absence	  of	  TGF-­‐β 	   inhibitors	  on	  a	  collagen	  gel.	  The	  colour	  code	  
bar	   represents	   the	   displacement^2	   of	   every	   track.	  B)	   Distribution	   of	   the	   average	   speed	   of	  
CTLs	   described	   in	   A).	   C)	   Distribution	   of	   the	   confinement	   ratio	   of	   CTLs	   described	   in	   A).	   D)	  
Distribution	   of	   the	   arrest	   coefficient	   of	   CTLs	   described	   in	   A).	   E)	   Distribution	   of	   the	   turning	  
angle	   of	   CTLs	   described	   in	   A).	   Data	   were	   pooled	   from	   two-­‐stage	   position	   from	   three	  
independent	   experiments.	   Differences	   between	   means	   were	   tested	   using	   Kruskal-­‐Wallis	  
followed	  by	  Dunn’s	  multiple	  comparison	  test	  (GraphPad	  Prism	  5.0),	  where	  n	  denotes	  number	  
of	  tracks	  per	  condition,	  *P	  <	  0.05,	  **P	  <	  0.01	  and	  ***	  P	  <	  0.001.	  	  	  	  	  	  	  
	  
Figure	  3.13:	  In	  the	  presence	  of	  TGF-­‐β ,	  CTLs	  fail	  to	  make	  stable	  contacts	  with	  targets	  cells.	  
CTLs	   derived	   from	   GFP	   Lifeact	   x	   OT-­‐1	   treated	   with	   TGF-­‐β	   at	   100nM	   for	   24	   hour	   in	   the	  
presence	  or	  absent	  of	  the	  TGF-­‐β	  inhibitor	  were	  embedded	  in	  a	  collagen	  gel	  with	  pulsed	  EL-­‐4	  
cells	  (+SIINFEKL)	  labelled	  with	  CMTMR	  at	  1:1	  ratio.	  A)	  Representative	  images	  show	  a	  stable	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interaction	  between	  CTLs	  and	  an	  EL-­‐4	  loaded	  with	  the	  SIINFEKL	  peptide	  (top).	  In	  the	  presence	  
of	  TGF-­‐β ,	  a	  CTL	  interacted	  with	  a	  target	  cell	  but	  detached	  later	  on	  (bottom).	  B)	  CTLs-­‐Target	  
contact	   durations	   under	   different	   conditions	   as	   is	   indicated.	   The	   contact	   time	   is	   compared	  
with	   CTLs	   in	   the	   presence	   of	   non-­‐pulsed	   EL-­‐4	   (-­‐SIINFEKL).	   Cumulative	   plot	   shows	   the	  
percentage	  of	  T	  cells	  that	  remained	  in	  contact	  for	  any	  given	  duration.	  Data	  were	  pooled	  from	  
two	   stage	   positions	   from	   three	   independent	   experiments.	   At	   least	   n>10	   cells	   for	   each	  
condition.	  	  	  	  
The	   interaction	   among	   effector	   T	   cells	   and	   antigen-­‐presenting	   cells	   are	   crucial	   for	   the	  
clearance	   of	   a	   particular	   pathogen.	   The	   interaction	   itself	   may	   influence	   the	   migration	  
behaviour	  of	  CTLs	  even	   in	   the	  absence	  of	   target	  cells.	  Previous	  studies	  have	   reported	   that	  
the	  TCR	  stop	  signal	  does	  not	  necessarily	  depend	  on	  the	  interaction	  of	  target	  and	  T	  cells.	  The	  
artificial	  activation	  of	  the	  TCR	  using	  antibodies	  against	  CD3/CD28	  is	  able	  to	  arrest	  T	  cells	   in	  
dishes	   coated	  with	   ICAM-­‐1	   (Wernimont	   et	   al.,	   2011).	   This	   is	   possible	   because	   activated	   T	  
cells	  overexpress	  the	  active	  form	  of	  the	  integrin	  LFA-­‐1	  which	  can	  binds	  to	  ICAM-­‐1	  molecules	  
(Smith,	  Bracke,	  Leitinger,	  Porter,	  &	  Hogg,	  2003).	  Therefore,	  this	  approach	  has	  been	  used	  as	  a	  
model	  to	  study	  whether	  certain	  populations	  of	  T	  cells	  have	  the	  ability	  to	  overcome	  the	  TCR	  
stop	  signal	  in	  2D	  environments	  (Lu	  et	  al.,	  2012).	  However,	  because	  T	  cells	  do	  not	  depend	  on	  
integrin	  activation	   in	  order	  to	  migrate	   in	  a	  3D	  environment	   (Pinner	  &	  Sahai,	  2009),	  we	  are	  
able	  to	  study	  not	  only	  the	  effect	  of	  TGF-­‐β	  on	  the	  TCR	  stop	  signal	  but	  also	  the	  activation	  of	  
TCR	  on	  the	  migration	  behaviour	  of	  CTLs.	  	  
As	   reported	   before,	   control	   CTLs	   migrate	   efficiently	   in	   the	   collagen	   gel	   with	   an	   average	  
speed	  of	  5.319	   	  0.1831	  µm/min.	  TGF-­‐β	  increased	  speed	  of	  CTL	  migration	  to	  6.441	   	  0.1897	  
µm/min.	  During	  TCR	  activation,	  CTLs	   slowed	  down	   to	  an	  average	   speed	  of	  3.991	   	  0.1318	  
µm/min	   (Figure	   3.14A).	   Strikingly,	   CTLsTGF-­‐β	   did	   not	   respond	   to	   TCR	   activation	   and	   their	  
average	   speed	   was	   5.989	   	  0.1564	   µm/min.	   Additionally,	   the	   CTLsTGF-­‐β	  had	   a	   lower	   arrest	  
coefficient	  compared	  with	  control	  CTLs	  in	  the	  presence	  of	  CD3/CD28	  monoclonal	  antibodies	  
or	  IgG	  control	  (Figure	  3.14C).	  TCR	  activation	  reduced	  the	  confinement	  ratio	  compared	  with	  
an	  isotope	  control	  but	  it	  did	  not	  affect	  the	  turning	  angles	  of	  control	  CTLs	  (Figure	  3.14B	  and	  
3.14E).	   In	   addition,	   TGF-­‐β	   increased	   the	   confinement	   ratio	   compared	  with	   control	   CTLs	   in	  
resting	  conditions	  (IgG),	  however	  activated	  CTLsTGF-­‐β	  did	  not	   increase	  the	  confinement	  ratio	  
compared	   to	  control	  CTLs	   (Figure	  3.14B).	  TGF-­‐β	   inhibition	   restored	   the	  average	  speed	  and	  
arrest	   coefficient	   to	   control	   levels	   and	   there	   were	   no	   significant	   differences	   with	   control	  
CTLs	   during	   activated	   or	   resting	   conditions	   (Figure	   3.14A	   and	   3.14C).	   However,	   CTLs+LY-­‐21	  
have	   a	   reduced	   confinement	   ratio	   in	   both	   situations	   relative	   to	   control	   CTLs	   but	   only	  
increased	  turning	  angle	  in	  resting	  conditions	  (Figure	  3.14B	  and	  3.14E).	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Figure	   3.14:	  TGF-­‐β 	   prevents	   the	   TCR	   stop	   signal.	  A)	  Distribution	  of	   the	  average	  speed	  of	  
control	   CTLs	   (Vehicle)	   or	   CTLs	   treated	  with	   TGF-­‐β	   at	   100nM	   for	   48	  hours	  with	  or	  without	  
TGF-­‐β	   under	   resting	   (IgG)	   or	   TCR	   activation	   (CD3/CD28)	   conditions	   on	   a	   collagen	   gel.	   B)	  
Distribution	   of	   the	   confinement	   ratio	   of	   CTLs	   described	   in	  A).	   	   C)	   Distribution	   of	   the	   arrest	  
coefficient	  of	  CTLs	  described	  in	  A).	  D)	  Distribution	  of	  the	  turning	  angles	  of	  CTLs	  described	  in	  
A) B) 
C) D) 
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A).	   Data	   were	   pooled	   from	   two-­‐stage	   position	   from	   two	   independent	   experiments.	  
Differences	   between	   means	   were	   tested	   using	   Kruskal-­‐Wallis	   followed	   by	   Dunn’s	   multiple	  
comparison	   test	   (GraphPad	  Prism	  5.0)	  where	  n	  was	   the	  number	  of	   tracks	  per	  condition,	  ns	  
stands	  for	  not	  significant,	  *P	  <	  0.05,	  **P	  <	  0.01	  and	  ***	  P	  <	  0.001.	  	  	  	  	  	  	  	  	  	  
Based	   on	   MSD	   analysis,	   under	   activating	   conditions	   CTLsTGF-­‐β	   have	   a	   directed	   mode	   of	  
migration	   with	   α=	   1.384	   (Figure	   3.15	   right).	   TGF-­‐β	   consistently	   increased	   the	   motility	  
coefficient	   (27.88	   µm^2/min)	   of	   CTLs	   compared	   to	   control	   CTLs	   (8.987	   µm^2/min)	   which	  
have	  a	  random	  mode	  of	  migration	  with	  α	  =	  1.163	  (Figure	  3.15	  right).	  Strikingly,	  the	  inhibition	  
of	  TGF-­‐β	  reduced	  the	  motility	  coefficient	  to	  2.55	  µm^2/min	  and	  they	  have	  a	  confined	  mode	  
of	  migration	  with	  α	  =	  0.8294	  (Figure	  3.15	  right).	  This	  pattern	  is	  similar	   in	  resting	  conditions	  
where	   CTLsTGF-­‐β	  had	  a	   higher	  motility	   coefficient	   (42.58	   µm^2/min)	   and	   they	  migrated	   in	   a	  
more	  directed	  manner	  compared	  to	  control	  CTLs	  (Figure	  3.15	  left).	  In	  contrast,	  CTLs+LY-­‐21	  had	  
a	   random	   migration	   with	   α	   =	   1.076	   and	   they	   had	   a	   lower	   diffusion	   coefficient	   (6.667	  
µm^2/min)	   compared	  with	   the	   control	   CTLs	   (Figure	   3.15	   left).	   These	   findings	   suggest	   that	  
TCR	  activation	   intrinsically	  modifies	   the	  migration	  behaviour	  of	  CTLs.	  TCR	  activation	   led	   to	  
more	  arrested	  CTLs,	  which	  demonstrated	  random	  migration	  and	  resulted	   in	  a	  reduction	  of	  
the	  motility	  coefficient.	  However,	  CTLsTGF-­‐β	  were	  resistant	  to	  the	  changes	  caused	  by	  activated	  
TCR.	  First,	  these	  cells	  did	  not	  slow	  down	  and	  second;	  they	  kept	  a	  directed	  mode	  of	  migration	  
with	   a	   relatively	  high	  motility	   coefficient.	   In	   contrast,	   TGF-­‐	  β	   inhibition	  modified	  migration	  
behaviour	  in	  both	  resting	  and	  activating	  conditions.	  In	  both	  resting	  and	  activated	  conditions,	  
the	   TGF-­‐β	   inhibitor	   LY-­‐21577299	   induced	   a	   more	   random	   migration	   mode	   with	   lower	  
confinement	  ratio	  and	  a	  reduction	  of	  the	  motility	  coefficient.	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Figure	   3.15:	   TCR	   activation	   induces	   a	   random	   migration	   mode	   in	   CTLs.	  Mean	   squared	  
displacement	  analysis	  of	  migratory	  CTLs	  treated	  as	   indicated	  under	  resting	  conditions	  (IgG)	  
(left)	  or	  under	  TCR	  activation	  using	  CD3/CD28	  antibodies	  (right).	  Main	  plots	  on	  log-­‐log	  scale,	  
inset	   graphs	   on	   linear	   scales.	   The	   alpha	   factor	   (slope	   of	   log-­‐log	   graph)	   determines 
directedness	  of	  a	  migrating	  population.	  The	  motility	  coefficient	  is	  a	  measure	  of	  how	  fast	  cells	  
displace	   from	   their	   starting	   positions	   during	   a	   random	   walk	   process	   Points:	   mean	   ±	   SEM	  
Lines:	   linear	   fit.	   Data	   were	   pooled	   from	   two-­‐stage	   position	   from	   two	   independent	  
experiments.	   Tables	   list	   directedness	   (alpha)	   and	   motility	   coefficient	   values	   for	   each	  
condition	  as	  indicated.	  	  	  
Taken	  together,	  the	  data	  indicates	  that	  TGF-­‐β	  seems	  to	  reverse	  the	  stop	  signal	  in	  CTLs,	  not	  
only	  because	  they	  did	  not	  form	  stable	  interactions	  with	  target	  cells	  but	  also	  because	  they	  did	  
not	  respond	  to	  the	  effects	  caused	  by	  the	  TCR	  activation.	  	  Additionally,	  these	  results	  confirm	  
that	  T	  cell	  activation	  by	  itself	  changed	  the	  migration	  behaviour	  of	  CTLs.	  In	  a	  3D	  environment	  
T	   cells	   migrate	   using	   the	   actomyosin	   cortex	   and	   the	   mode	   of	   migration	   depends	   on	   the	  
dynamics	   of	   actin	   polymerisation	   at	   the	   leading	   edge.	   The	   pseudopodium	   is	   a	   dynamic	  
structure	   that	   extends	   from	   the	   cell	   body	   and	   is	   capable	   of	   retraction	   (Petrie	   &	   Yamada,	  
2012).	   Thus,	   the	   pseudopodium	   or,	   in	   general	   terms	   protrusions,	   are	   responsible	   for	   the	  
amoeboid	   migration	   of	   T	   cells.	   The	   formation	   of	   the	   pseudopodia	   is	   driven	   by	   the	  
reorganisation	  of	  actin	  filaments	  and	  ensures	  that	  T	  cells	  can	  migrate	  in	  a	  given	  direction	  (Xu	  
et	  al.,	  2013).	  However,	  activated	  effector	  T	  cells	  lose	  this	  conformation	  through	  the	  TCR	  and	  
have	   multiple	   protrusions	   in	   different	   directions.	   This	   phenomenon	   is	   due	   to	   the	   over-­‐
activation	  of	  Rac1	  and	  the	   inactivation	  of	  Rock1	   (Cernuda-­‐Morollon	  et	  al.,	  2010).	  Rac1	   is	  a	  
Rho-­‐GTPase	   and	   is	   able	   to	   activate	   Arp2/3,	   thereby	   promoting	   the	   polymerisation	   of	  
branched	   actin	   filaments	   (Goley	   &	   Welch,	   2006).	   Activated	   T	   cells	   therefore	   exhibit	   less	  
migration	   because	   they	   have	   an	   altered	   conformation	   of	   actin	   filaments,	   and	   extend	  
protrusions	  in	  multiple,	  uncoordinated	  directions.	  Since	  TGF-­‐β	  reverses	  the	  TCR	  stop	  signal,	  
it	   is	   possible	   that	   TGF-­‐β	   alters	   actin	   conformation,	   which	   allows	   a	   directed	   mode	   of	  
migration	   to	   be	  maintained	   even	   under	   the	   activation	   of	   the	   TCR.	   To	   test	   this	   possibility,	  
CTLs	  derived	  from	  GFP-­‐Lifeact	  x	  OT-­‐I	  mice	  were	  imaged	  at	  high	  resolution	  to	  determine	  the	  
conformation	   of	   actin	   filaments.	   In	   addition,	   the	   inverted	   signal	   from	   the	   collagen	   gel	  
stained	  with	  Alexa	   Fluor-­‐647	  allowed	   the	   identification	  of	   the	   contour	  of	   every	   cell.	  Using	  
Imaris	   software,	   each	   cell	   was	   split	   into	   small	   objects	   to	   allow	   the	   identification	   of	  
protrusions.	   Therefore,	  we	  were	   able	   to	  measure	   different	   variables	   that	   characterise	   the	  
generation	  of	  protrusions	  in	  CTLs	  under	  different	  conditions.	  	  
In	   resting	   conditions,	   control	   CTLs	   showed	  a	   typical	   T	   cell	  morphology.	   These	   cells	   had	   an	  
amoeboid	  shape	  with	  the	  formation	  of	  pseudopods	  at	   the	   leading	  edge	  and	  the	  uropod	   in	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the	   rear.	   Upon	   TCR	   activation,	   control	   CTLs	   changed	   this	   configuration	   and	   displayed	  
multiple	  protrusions	  at	  different	  orientations	  (Figure	  3.16A).	  In	  some	  cells,	  we	  were	  not	  able	  
to	   identify	   the	   uropod,	   as	   reported	   in	   a	   previous	   work	   (Faroudi	   et	   al.,	   2010).	   Strikingly	  
though,	   in	  resting	  conditions	  control	  CTLs	  had	  the	  same	  number	  of	  protrusions	  per	  minute	  
as	  activated	  CTLs	  (Figure	  3.16C).	  Furthermore,	  activated	  CTLs	  had	  a	  greater	  cell	  surface	  area	  
compared	  with	  resting	  CTLs	  (419.7	  µm^2	  vs.	  603.6	  µm^2	  respectively)	  (Figure	  3.16B).	  These	  
results	  suggest	  that	  the	  features	  of	  the	  extended	  protrusions	  are	  very	  different	  when	  TCR	  is	  
activated.	   To	   test	   this	   possibility	   the	   surface	   of	   every	   protrusion	   was	   measured	   when	   it	  
reached	  the	  maximum	  possible	  area.	  The	  lifetime	  of	  each	  protrusion	  was	  also	  evaluated.	  The	  
mean	  surface	  area	  of	  the	  protrusions	  in	  activated	  CTLs	  is	  higher	  than	  in	  CTLs	  treated	  with	  an	  
isotype	  control	  (IgG)	  (133.9	  µm^2	  vs.	  176.3	  µm^2	  respectively)	  (Figure	  3.16C).	  Furthermore,	  
activated	  T	  cells	  had	  protrusions	  that	  lasted	  longer	  with	  a	  mean	  of	  45.48	  sec,	  compared	  with	  
control	  CTLs	   (31.70	   sec.)	   (Figure	  3.16E).	   The	   results	   suggest	   that	   the	  activation	  of	   the	  TCR	  
induces	  a	  difference	  in	  actin	  dynamics.	  This	  changed	  conformation	  seemed	  to	  be	  more	  rigid	  
with	  protrusions	   that	  endure	   for	  a	   longer	   time,	   thereby	   increasing	   the	   surface	  area	  of	   the	  
protrusions	   in	  general.	   In	  contrast,	   the	  cycling	  of	   the	  protrusions	   in	   resting	  CTLs	  was	  more	  
dynamic	   and	   characterised	  by	   short	   lifetimes,	   thereby	  generating	   smaller	  protrusions.	   The	  
activation	  of	  the	  TCR	  did	  not	  affect	  the	  dynamics	  in	  generating	  protrusions	  in	  CTLsTGF-­‐β.	  These	  
cells	   exhibited	   the	   same	   behaviour	   as	   control	   CTLs	   in	   resting	   conditions.	   Thus,	   the	  
protrusions	   in	  CTLsTGF-­‐β	  were	  small	   (mean	  surface	  area	  =	  129	  µm^2)	  and	  short	   lived	   (31.76	  
sec)	   even	   under	   activated	   conditions	   (Figure	   3.16D	   and	   3.16E).	  On	   the	   other	   hand,	   TGF-­‐β	  
inhibition	   in	   resting	   conditions	   increased	   cell	   surface	   areas	   with	   a	   slight	   reduction	   in	   the	  
number	   of	   protrusions	   per	   minute.	   The	   surface	   area	   of	   the	   protrusions	   and	   associated	  
lifetimes	  were	   similar	   to	   control	  CTLs.	  Under	  activation	   conditions,	  CTLs+LY-­‐21	  had	   increased	  
cell	   surface	  area	  with	   large	  protrusions	  and	  durations	  comparable	  to	  control	  CTLs.	  Overall,	  
the	  results	  explain	  how	  the	  activation	  of	  the	  TCR	  intrinsically	  affects	  the	  migration	  behaviour	  
of	  CTLs.	  Thus,	  TCR	  activation	  induced	  a	  less	  dynamic	  configuration	  of	  actin	  filaments,	  altering	  
the	  normal	  polarisation	  of	  T	  cells	  as	   the	  pseudopod	   in	  the	   leading	  edge	  and	  the	  uropod	   in	  
the	   rear	   ensures	   migration	   in	   one	   direction.	   TGF-­‐β	   seems	   to	   affect	   the	   threshold	   of	   CTL	  
activation	  such	  that	  an	  amoeboid	  morphology	  was	  maintained	  when	  the	  TCR	  was	  activated.	  
The	  lack	  of	  response	  to	  TCR	  activation	  could	  be	  a	  requirement	  for	  reversal	  of	  the	  stop	  signal	  
since	  these	  cells	  were	  more	  motile	  in	  the	  presence	  of	  the	  antigen.	  To	  confirm	  that	  CTLsTGF-­‐β	  
did	  not	  become	  fully	  activated,	  classical	  markers	  of	  T	  cell	  activation	  and	  differentiation	  were	  
evaluated.	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Figure	   3.16:	   CTLsTGF-­‐β 	   were	   resistant	   to	   the	   changes	   observed	   in	   actin	   conformation	  
provoked	   by	   TCR	   activation.	  A)	   .	  Micrographs	   are	   representative	   snapshots	   of	   3D	   images	  
from	  a	  single	  cell	   in	  a	  particular	  time	  point	   for	  each	  condition	  as	   is	   indicated.	  Green	  shows	  
the	  conformation	  of	  the	  actin	  filaments	  from	  GFP-­‐Lifeact	  expressing	  CTLs	  treated	  with	  TGF-­‐
β	  at	  100nM	  for	  24	  hours	   in	   the	  presence	  or	  absence	  of	   the	  TGF-­‐β	   inhibitor	  under	  resting	  
(IgG)	   or	   TCR	   activation	   (CD3/CD28)	   conditions	   on	   a	   collagen	   gel.	   Yellow	   represents	   the	  
identification	  of	  the	  protrusions	  identified	  for	  each	  individual	  cell	  according	  to	  the	  condition	  
as	   is	   indicated.	   Blue	   shows	   the	  main	   body	   of	   the	   T	   cell.	   The	   actin	   extends	   beyond	   the	   cell	  
membrane	   boundaries	   because	   of	   a	   phenomenon	   known	   as	   chromatic	   aberration.	   This	  
phenomenon	  occurs	  when	  the	  wavelengths	  from	  the	  GFP-­‐Lifeact	  and	  the	  Alexa-­‐flour	  647	  are	  
widely	   separated.	   B)	   Quantification	   of	   the	   cell	   surface	   area	   of	   CTLs	   described	   in	   A).	   C)	  
Quantification	   of	   the	   number	   of	   protrusions	   per	   min	   of	   CTLs	   described	   in	   A).	   D)	  
Quantification	  of	  the	  maximal	  area	  reached	  by	  each	  protrusion	  generated	  by	  CTLs	  described	  
in	  A).	  E)	  Quantification	  of	  the	  lifetime	  of	  every	  protrusion	  generated	  by	  CTLs	  described	  in	  A).	  
Data	   were	   pooled	   from	   two	   independent	   experiments.	   Differences	   between	   means	   were	  
tested	  using	  the	  Kruskal-­‐Wallis	  test	  followed	  by	  Dunn’s	  multiple	  comparison	  test	  (GraphPad	  
Prism	  5.0)	  where	  n	  is	  the	  number	  of	  events	  per	  condition,	  *P	  <	  0.05,	  **P	  <	  0.01	  and	  ***	  P	  <	  
0.001.	  	  	  	  	  	  	  	  	  	  
Previous	   reports	  have	   shown	   that	  anergic	   (a	  hypoactive	   state)	  T	   cells	  have	  a	  defect	   in	   the	  
TCR	  signalling	  pathway	  with	  a	  reduction	  in	  the	  phosphorylation	  of	  the	  CD3	  complex	  and	  the	  
mitogen-­‐activated	  protein	  kinase	  (Erk).	  These	   ‘inactivated’	  cells	  can	  reverse	  the	  stop	  signal	  
by	  overexpressing	  the	  regulatory	  molecule	  PD-­‐1.	  In	  contrast,	  the	  inhibition	  of	  PD-­‐1	  enhances	  
contact	  between	  T	  cells	  and	  their	  targets,	  a	  process	  that	  is	  mediated	  by	  Erk	  phosphorylation	  
(Fife	   et	   al.,	   2009).	   These	   findings	   suggest	   that	   there	   is	   an	   association	   between	   T	   cell	  
activation	  and	  the	  capacity	  of	  T	  cells	  to	  interact	  with	  their	  targets.	  Our	  results	  showed	  that	  
TGF-­‐β	   reversed	   the	   stop	   signal	   in	   CTLs,	   possibly	   by	   impairing	   the	   activation	   level	   of	   these	  
cells.	  Therefore,	  classical	  markers	  of	  T	  cell	  activation	  were	  measured	  in	  order	  to	  confirm	  this	  
hypothesis.	   Control	   CTLs	   expressed	   high	   levels	   of	   CD44	   and	   had	   low	   levels	   of	   CD62L,	  
characteristic	   of	   effector	   T	   cells.	   On	   the	   other	   hand,	   CD44+/CD62L+	   cells	   have	   been	  
considered	   to	   be	   memory	   T	   cells	   (Roberts,	   Ely,	   &	   Woodland,	   2005).	   Strikingly,	   TGF-­‐β	  
inhibition	   showed	   an	   increase	   in	   the	   percentage	   of	   CD44+/CD62L+	   CTLs	   (37.6%)	   compared	  
with	  control	  (25.6%).	  Blockage	  of	  TGF-­‐β	  signalling	  thus	  led	  to	  memory	  T	  cell	  differentiation	  
by	   increasing	   the	   expression	   of	   CD62L.	   In	   contrast,	   TGF-­‐β	   reduced	   the	   percentage	   of	  
CD44+/CD62L-­‐	  CTLs	  to	  11%	  (Figure	  3.17A).	  Therefore,	  exogenous	  TGF-­‐β	  appears	  to	  impair	  the	  
differentiation	   from	   effector	   T	   cells	   to	   memory	   T	   cells.	   These	   results	   are	   consistent	   with	  
previous	  reports	  that	  adoptively	  transferred	  memory	  CD8	  T	  cells,	  which	  express	  high	  levels	  
of	  CD62L,	  were	  more	  cytotoxic	  against	  tumours	  (Klebanoff	  et	  al.,	  2005)	  and	  have	  augmented 
viral	  clearance	  (Vaccari,	  Trindade,	  Venzon,	  Zanetti,	  &	  Franchini,	  2005;	  Wherry	  et	  al.,	  2003).	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CD25	   and	   CD69	   are	   molecular	   markers	   for	   T	   cells	   activation	   (Wang	   et	   al.,	   2013).	   In	   the	  
present	   study,	   CTLsTGF-­‐β	   had	   reduced	   the	   proportion	   of	   CD25+/CD69+	   T	   cells	   (35.5%)	  
compared	  with	  the	  control	  CTLs	  (70%).	  In	  contrast,	  TGF-­‐β	  inhibition	  restored	  the	  percentage	  
of	  activated	  cells	   (76.7%)	  and	  there	  was	  no	   longer	  a	  significant	  difference	  when	  compared	  
with	  control	  CTLs	  (Figure	  3.17B).	  In	  addition,	  Erk	  has	  been	  considered	  an	  important	  mediator	  
for	  the	  effector	  functions	  of	  CTLs.	  Erk	  is	  implicated	  in	  granule	  release	  from	  CTLs	  (Milstein	  et	  
al.,	   2011)	   and	   it	   is	   a	   fundamental	   intermediary	   of	   the	   TCR	   signalling	   pathway	   during	   the	  
activation	  process	  (Adachi	  &	  Davis,	  2011).	  Erk	  is	  also	  involved	  in	  the	  differentiation	  of	  naïve	  
T	   cells	   to	   effector	   T	   cells	   as	   well	   as	   to	   memory	   T	   cells	   (Shindo	   et	   al.,	   2013).	   Our	   results	  
showed	   that	   TGF-­‐β	   reduced	   by	   roughly	   50%	   the	   level	   of	   phosphorylation	   of	   Erk1/2	  
compared	  to	  control	  CTLs	  (Figure	  3.17C).	  This	  reduction	  was	  comparable	  to	  using	  a	  specific	  
inhibitor	   of	   the	   MAP	   kinase	   signalling	   pathway	   (U0126).	   In	   contrast,	   TGF-­‐β	   inhibition	  
enhanced	  Erk	  phosphorylation	  and	  this	  was	  higher	  than	  in	  control	  CTLs	  (Figure	  3.17C).	  These	  
findings	  confirm	  that	  TGF-­‐β	   induces	   immunosuppression	   in	  CTLs	  by	  affecting	  their	  capacity	  
to	  differentiate	  to	  memory	  T	  cells	  and	  by	  reducing	  the	  level	  of	  activation	  through	  decreasing	  
the	   percentage	   of	   activated	   cells	   (CD25+/CD69+)	   and	   reducing	   the	   level	   of	   Erk	  
phosphorylation.	  Furthermore,	  the	  level	  of	  differentiation	  and	  activation	  of	  these	  cells	  could	  
affect	   the	   response	   to	   TCR	   activation,	   thereby	   affecting	   their	   capacity	   to	   remodel	   the	  
cytoskeleton.	   For	   instance,	   resident	   memory	   T	   cells	   from	   the	   skin	   have	   a	   more	   dendritic	  
shape	  compared	   to	  effector	  T	   cells,	  which	  display	  an	  amoeboid	  morphology	   (Ariotti	   et	  al.,	  
2012).	  	  	  	  
	   83	  
	  	  	  	   	  	  	  
Figure	  3.17:	  TGF-­‐β 	  impairs	  cell	  activation	  and	  cell	  differentiation	  into	  memory	  T	  cells.	  CTLs	  
were	   treated	   with	   TGF-­‐β	   at	   100nM	   for	   48	   hours	   in	   the	   presence	   or	   asbence	   of	   TGF-­‐β	  
inhibitors.	  A)	  Upper	  panel,	  flow	  cytometry	  analysis	  of	  CTLs	  stained	  with	  anti-­‐CD44	  and	  anti-­‐
CD62L	   antibodies.	   Lower	   panel,	   CTLs	   stained	   with	   anti-­‐CD25	   and	   anti-­‐CD69	   antibodies.	  
Numbers	   in	   each	   quadrant	   denote	   percentage	   of	   cells.	   Representative	   plots	   from	   three	  
independent	   experiments.	   B)	   Level	   of	   expression	   of	   phospho-­‐ERK	   by	   measuring	   the	   mean	  
geometric	   fluorescence	   intensity	   (MFI)	   for	   each	   condition	   as	   indicated.	   Representative	  
histogram	  from	  four	  independent	  experiments.	  	  	  	  	  	  	  	  	  	  	  
As	   stated	   earlier,	   the	   level	   of	   phospho-­‐Erk	   is	   associated	   with	   an	   adequate	   interaction	  
between	   T	   cell/target	   cells.	   Defective	   phosphorylation	   of	   Erk-­‐1/2	   is	   associated	   with	   a	  
reversal	  of	  the	  stop	  signal	  in	  T	  cells	  that	  express	  high	  levels	  of	  PD-­‐1.	  Recent	  work	  has	  shown	  
that	  the	  migration	  behaviour	  of	  neutrophils	  depends	  on	  Erk	  phosphorylation.	  Furthermore,	  
phospho-­‐Erk	   is	   an	   important	   component	   for	   the	   formation	   of	   the	   lamellipodium	   in	   the	  
leading	  edge	  of	   fibroblasts	   (Mendoza	  et	  al.,	  2011).	  Active	  Erk	   localises	   to	   the	   leading	  edge	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and	   contributes	   to	   the	   activation	   of	   Arp2/3	   during	   lamellipodial	   protrusion.	   On	   the	   other	  
hand,	   the	   pharmacological	   inhibition	   of	   the	   MAP	   kinase	   signalling	   pathway	   using	   U0126	  
results	   in	   the	   generation	   of	   functional	   regulatory	   T	   cells	   (X.	   Luo	   et	   al.,	   2008).	   Therefore,	  
inhibition	  of	  Erk	  could	  be	  implicated	  in	  the	  reversal	  of	  the	  TCR	  stop	  signal.	  Early,	  we	  showed	  
previously	  that	  TGF-­‐β	  induced	  decreased	  levels	  of	  phospho-­‐ERK	  and	  impaired	  the	  response	  
to	   TCR	   activation.	   Thus,	   the	   inhibition	   of	   Erk	   by	   using	   U0126	   should	   produce	   the	   same	  
effects	  on	  the	  migration	  behaviour	  of	  CTLsTGF-­‐β.	  Thus,	  CTLs	  were	  treated	  with	  U0126	  at	  10µM	  
for	  30min	  (CTLsU0126)	  before	  being	  embedded	  in	  a	  collagen	  gel. In	  resting	  conditions	  UO126	  
increased	  motility	   in	   CTLs	   to	   a	   higher	   average	   speed	   than	   control	   CTLs	   (6.225	  µm/min	   vs.	  
5.127	   µm/min	   respectively)	   (Figure	   3.18A).	   CTLsU0126	  travelled	   straighter	   than	   control	   CTLs	  
and	  they	  had	  lower	  turning	  angles	  compared	  with	  control	  cells	  (Figure	  3.18B	  and	  3.18E).	  In	  
activated	   conditions,	   CTLsU0126	   had	   a	   higher	   average	   speed,	   larger	   confinement	   ratio	   and	  
shallower	  turning	  angles	  than	  control	  CTLs	  (Figure	  3.18).	  Furthermore,	  CTLsU0126	  had	  a	  lower	  
arrest	  coefficient	   than	  control	  CTLs	  only	   in	  activated	  conditions	  but	  comparable	   to	  control	  
CTLs	  in	  resting	  conditions	  (0.2016	  vs.	  0.2287	  respectively)	  (Figure	  3.18C).	  
Consistent	   with	   this,	   CTLsU0126	   had	   a	   more	   directed	   migration	   mode	   (α	   =	   1.445)	   with	   a	  
motility	  coefficient	  of	  30.78	  µm^2/min	  in	  resting	  conditions	  compared	  with	  control	  CTLs	  (α	  =	  
1.393)	   which	   had	   a	   motility	   coefficient	   of	   14.45	   µm^2/min	   (Figure	   3.19).	   In	   activated	  
conditions,	   CTLsU0126	   also	   had	   a	   directed	   migration	   mode	   (α	   =	   1.320)	   and	   their	   motility	  
coefficient	  was	  higher	  than	  control	  CTLs	  (11.26	  µm^2/min	  vs.	  5.61	  µm^2/min	  respectively)	  
(Figure	  3.19).	  Therefore,	  the	  inhibition	  of	  U0126	  affected	  the	  migration	  behaviour	  of	  CTLs	  in	  
the	  same	  way	  as	  TGF-­‐β.	  Furthermore,	  UO126	  reversed	  the	  TCR	  stop	  signal	  while	  CTLs	  kept	  
their	  motility	  under	  activated	  conditions.	  In	  this	  way	  Erk	  could	  be	  an	  important	  mediator	  for	  
the	  TCR	  stop	  signal.	  Low	  levels	  of	  Erk	  phosphorylation	  induced	  by	  TGF-­‐β	  could	  be	  a	  possible	  
mechanism	   whereby	   CTLsTGF-­‐β	   have	   the	   capacity	   to	   prevent	   the	   TCR	   stop	   signal.	  
Consequently,	  the	  search	  strategy	  of	  CTLs	  in	  finding	  targets	  could	  depend	  on	  the	  level	  of	  Erk	  
phosphorylation.	  In	  the	  presence	  of	  U0126,	  CTLs	  migrated	  more	  directly.	  Thus,	  Erk	  activation	  
could	  be	  associated	  with	  the	  'stop-­‐and-­‐go'	  pattern	  that	  is	  characteristic	  of	  T	  cells.	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Figure	   3.18:	   Erk	   inhibition	   enhanced	   motility	   of	   CTLs.	   The	   inhibition	   of	   ERK	   induced	  
increased	  motility	   in	  CTLs	  compared	  with	  control	  CTLs.	  A)	  Distribution	  of	  the	  average	  speed	  
of	  control	  CTLs	  (Vehicle)	  or	  CTLs	  treated	  with	  U0126	  at	  10µM	  for	  30	  min	  under	  resting	  (IgG)	  
or	  TCR	  activation	  (CD3/CD28)	  conditions	  on	  a	  collagen	  gel.	  B)	  Distribution	  of	  the	  confinement	  
ratio	  of	  CTLs	  described	  in	  A).	  C)	  Distribution	  of	  the	  arrest	  coefficient	  of	  CTLs	  described	  in	  A).	  
D)	  Distribution	   of	   the	   turning	   angles	   of	   CTLs	   described	   in	   A).	   Data	  were	   pooled	   from	   two-­‐
stage	  position	  from	  two	   independent	  experiments.	  Differences	  between	  means	  were	  tested	  
using	   Kruskal-­‐Wallis	   followed	   by	   Dunn’s	   multiple	   comparison	   test	   (GraphPad	   Prism	   5.0)	  
A) B) 
D) C) 
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where	  n	  is	  the	  number	  of	  event	  per	  condition,	  ns	  stands	  for	  not	  significant,	  *P	  <	  0.05,	  **P	  <	  
0.01	  and	  ***	  P	  <	  0.001.	  	  	  	  	  	  	  	  	  	  
	  
Figure	   3.19:	   Erk	   is	   involved	   in	   the	   reversal	   of	   the	   TCR	   stop	   signal	   in	   CTLs.	  Mean	   square	  
displacement	   analysis	   of	   migratory	   CTLs	   treated	   with	   or	   without	   UO126	   at	   10µM	   for	   30	  
minutes	  in	  resting	  conditions	  (IgG)	  (left)	  or	  under	  TCR	  activation	  using	  CD3/CD28	  antibodies	  
(right).	  Main	  plots	  on	  log-­‐log	  scales,	  inset	  graphs	  on	  linear	  scales.	  The	  alpha	  factor	  (slope	  of	  
log-­‐log	  graph)	  determines directedness	  of	  a	  migrating	  population.	  The	  motility	  coefficient	  is	  
a	   measure	   of	   how	   fast	   cells	   displace	   from	   their	   starting	   positions	   during	   a	   random	   walk	  
process	  Points:	  mean	  ±	  SEM.	  Lines:	  linear	  fit.	  Data	  were	  pooled	  from	  two-­‐stage	  position	  from	  
two	  independent	  experiments.	  Tables	  list	  directedness	  (alpha)	  and	  motility	  coefficient	  values	  
for	  each	  condition	  as	  indicated.	  
In	  addition,	  these	  results	  suggest	  that	  Erk	  could	  be	  involved	  in	  the	  reversal	  of	  the	  TCR	  stop	  
signal	  driven	  by	  TGF-­‐β.	  Erk	  is	  an	  important	  intermediary	  of	  the	  TCR	  signalling	  pathway	  and	  it	  
is	   involved	   in	   the	   differentiation	   of	   naïve	   T	   cells	   to	   effector	   T	   cells	   by	   up-­‐regulating	   the	  
expression	  of	  IL-­‐2	  (Koike	  et	  al.,	  2003).	  Recent	  work	  has	  shown	  that	  phospho-­‐Erk	  is	  involved	  
in	  the	  migration	  behaviour	  of	  neutrophils	  (X.	  Liu	  et	  al.,	  2012).	  The	  pharmacological	  inhibition	  
of	   ERK	   promotes	   motility	   of	   neutrophils	   so	   that	   they	   migrate	   in	   straighter	   lines	   in	   the	  
presence	   of	   a	   chemotactic	   factor.	   Erk	   is	   also	   associated	   with	   the	   formation	   of	   the	  
lamellipodium	   through	   the	   activation	   of	   Rac1-­‐ARP2/3	   signalling	   pathway	   (Vial,	   Sahai,	   &	  
Marshall,	   2003).	   Therefore,	   inhibition	   of	   Erk	   could	   be	   involved	   in	   the	   plasticity	   of	   actin	  
filaments,	  thereby	  promoting	  a	  directed	  mode	  of	  migration.	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Chapter	  4	  
The	  role	  of	  actomyosin	  dynamics	  
during	  T	  cell	  migration	  
	  
4.1)	  Aims	  
Rho-­‐GTPases	   and	   their	   downstream	   targets	   are	   key	   regulators	   of	   the	   cellular	   actomyosin	  
cortex	   and	   therefore	   play	   an	   important	   role	   in	   T	   cell	   migration.	   In	   addition,	   the	   balance	  
between	   the	   polymerisation	   of	   actin	   filaments	   mediated	   by	   Arp2/3	   or	   formins	   (actin	  
nucleators)	  and	  the	  contractibility	  of	  the	  myosin	  motor	  proteins	  determines	  the	  morphology	  
and	  migration	  of	   cells.	   Several	  drugs	  have	  been	  developed	   that	   inhibit	   components	  of	   the	  
actomyosin	   cortex,	   that	   allow	   us	   to	   study	   their	   contribution	   in	  motile	   cells.	   For	   instance,	  
Arp2/3	   is	   mainly	   involved	   in	   the	   polymerisation	   of	   actin	   filaments	   into	   a	   branched	  
conformation,	  necessary	  for	  the	  generation	  of	  the	  lamellipodium	  (Saoudi,	  Kassem,	  Dejean,	  &	  
Gaud,	   2014).	   .	   RhoA	   and	   its	   downstream	   kinase	   ROCK	   are	   involved	   in	   the	   activation	   of	  
myosin	  motor	   proteins	   through	   the	   phosphorylation	   of	   the	  myosin	   regulatory	   light	   chain.	  
The	  differential	  activation	  of	  the	  distinct	  components	  of	  the	  actomyosin	  cortex	  gives	  rise	  to	  
the	   multiple	   types	   of	   cellular	   protrusions	   (Biro	   et	   al.,	   2014).	   RhoA,	   through	   ROCK	  
phosphorylation,	  is	  more	  active	  in	  the	  trailing	  edge	  and	  is	  essential	  for	  the	  formation	  of	  the	  
uropod.	   Formins,	   which	   in	   turn	   polymerise	   actin	   filaments	   in	   an	   unbranched	   style,	   are	  
responsible	   for	   the	   formation	   of	   filopodia,	   slender	   cytoplasmic	   projections	   that	   contain	  
bundles	  of	  parallel	  actin	  filaments.	  Despite	  the	  fact	  that	  the	  actomyosin	  cortex	  is	  important	  
for	   the	   generation	   of	   different	   type	   of	   protrusions,	   it	   remains	   unknown	   how	   each	  
component	  of	  the	  actomyosin	  modulates	  the	  migration	  behaviour	  of	  CTLs.	  
Effector	  T	  cells	  can	  adopt	  different	  migratory	  patterns.	  Classically,	  T	  cells	  are	  considered	  to	  
have	  a	  Brownian	  mode	  of	  migration,	  however	  recent	  evidence	  has	  suggested	  that	  T	  cells	  can	  
migrate	   over	   larger	   areas	   and	   describe	   a	   directed	   migration	   mode	   (Harris	   et	   al.,	   2012).	  
Depending	  on	  the	  migration	  mode	  employed,	  T	  cells	  can	  optimize	  the	  probability	  of	  finding	  
rare	   antigens.	   Therefore,	   by	   inhibiting	   each	   component	   of	   the	   actomyosin	   cortex,	  we	   are	  
able	  to	  determine	  the	  contribution	  of	  each	  of	  them	  during	  migration	  of	  CTLs.	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4.2)	  Experimental	  design	  	  
4.2.1	  To	  evaluate	  whether	  the	  inhibition	  of	  different	  regulators	  of	  the	  actomyosin	  
cortex	  affect	  migration	  behaviour	  of	  CTLs.	  
CTLs	  derived	  from	  GFPLifeact	  x	  OT-­‐1	  mice	  were	  pre-­‐treated	  with	  different	   inhibitors	  of	  the	  
actomyosin	  cortex.	  CK-­‐666	  (Sigma)	  is	  a	  potent	  and	  specific	  inhibitor	  of	  the	  Arp2/3	  complex.	  
It	   is	   believed	   to	   inhibit	   the	   functional	   conformation	   of	   Arp2	   and	   Arp3	   (Hetrick,	   Han,	  
Helgeson,	   &	   Nolen,	   2013).	   The	   minimal	   concentration	   by	   which	   it	   inhibits	   the	   branched	  
conformation	  of	  actin	  filaments	  is	  100µM	  (Nolen	  et	  al.,	  2009).	  Y-­‐27632	  (Sigma)	  is	  a	  specific	  
inhibitor	  of	  ROCK,	  a	   small	  GTPase	   that	  modulates	   the	  phosphorylation	  of	   the	  myosin	   light	  
chain	  thereby	  increasing	  myosin	  II	  activity	  (Ishizaki	  et	  al.,	  2000).	  Abrogation	  of	  the	  uropod	  in	  
cancer	  cell	   lines	   is	  achieved	  with	  a	  concentration	  above	  10	  µM	  (Lee	  et	  al.,	  2004).	  SMIFH-­‐2	  
(Sigma)	  is	  a	  novel	  pan-­‐inhibitor	  of	  the	  formin	  family	  of	  actin	  nucleators.	  It	  prevents	  both	  the	  
nucleation	  and	  elongation	  of	  actin	  filaments	  by	  binding	  with	  high	  affinity	  to	  the	  barbed	  end	  
when	   it	   is	   used	   at	   10	   µM	   (Rizvi	   et	   al.,	   2009).	   Thus,	   CTLs	   were	   treated	   with	   the	  
aforementioned	   inhibitors	   at	   the	   concentrations	   indicated,	   starting	   at	   least	   30	  min	  before	  
CTLs	   were	   embedded	   in	   the	   collagen	   gel.	   In	   some	   experiments	   CTLs	   were	   treated	   with	  
different	  combinations	  of	  the	  inhibitors	  (CK-­‐666	  +	  Y-­‐27632,	  CK-­‐666	  +	  SMIFH-­‐2	  and	  Y-­‐27632	  +	  
SMIFH-­‐2)	  using	  the	  same	  concentrations	  as	  described	  before.	  As	  a	  control,	  some	  CTLs	  were	  
treated	  with	  the	  maximal	  concentration	  of	  the	  vehicle	  of	  the	  drugs,	  in	  this	  case	  DMSO	  at	  1%	  
final	  concentration.	  Some	  CTLs	  were	  treated	  with	  a	  double	  concentration	  of	  DMSO	  (2%)	  to	  
control	  that	  the	  vehicle	  from	  the	  combination	  of	  drugs	  did	  not	  have	  a	  deleterious	  effect	  on	  
the	   migration	   of	   the	   cells.	   Time-­‐lapse	   microscopy	   was	   implemented	   to	   image	   CTLs	   as	  
describe	  before	  (see	  section	  3.2).	  	  
Furthermore,	  using	  CFSE-­‐based	  cytotoxic	  assays	  we	  determined	  whether	  the	  modulation	  of	  
the	  actomyosin	  cortex	  using	  the	  aforementioned	  inhibitors	  affects	  the	  cytotoxic	  capacity	  of	  
CTLs.	   In	   addition,	   using	   real	   time	   PCR,	   several	   nucleators	   of	   the	   actin	   filaments	   were	  
evaluated	  in	  order	  to	  identify	  new	  regulators	  of	  the	  actomyosin	  cortex	  that	  potentially	  could	  
be	   involved	   in	   the	  migration	  behaviour	  of	  CTLs.	   Thus,	  mRNA	  was	   isolated	   from	  CTLs	  using	  
RNeasy	  Mini	  Spin	  columns	  (Qiagen,	  Cat.	  #	  74104).	  After	  this,	  mRNA	  was	  reverse	  transcribed	  
(Applied	  biosystem	  Cat.	   #	  4368814)	   in	  order	   to	  obtain	   cDNA.	   cDNA	  was	  quantified	  and	   its	  
quality	  was	  tested	  using	  Nanodrop	  (Thermo	  Scientific).	  SYBR	  Green	  (Applied	  biosystem	  Cat.	  
#	   4309155)	   was	   used	   for	   quantitative	   real-­‐time	   PCR.	   Primers	   for	   SYBR	   Green	   were	   pre-­‐
designed	   by	   Sigma	   (KiCqStart®	   SYBR®	   Green	   Primers).	   The	   expression	   of	   each	   gene	   was	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normalized	   to	   the	   expression	   of	   various	   reference	   genes	   such	   as	   Actin	   b	   (Actb),	   β2-­‐
microglobuline	   (β2M)	   and	   ribosomal	   protein	   L13A	   (Rpl13a).	   The	   expression	   level	   of	   each	  
nucleator	   was	   also	   compared	   with	   a	   positive	   control	   consisting	   of	   mRNA	   from	   all	   major	  
organs	  of	  mice.	  All	  probes	  were	  detected	  in	  the	  control	  mRNA	  (data	  not	  shown).	  	  
4.4.2	  To	  evaluate	  if	  a	  particular	  mode	  of	  migration	  is	  influenced	  by	  the	  actomyosin	  
cortex	  	  
Microscopy	  experiments	  have	  been	  extensively	  used	  for	  studying	  the	  motility	  of	  T	  cells	  and	  
new	  strategies	  to	  analyse	  the	  data	  have	  been	  implemented	  to	  improve	  the	  accuracy	  of	  the	  
parameters	   evaluated	   related	   to	   cell	   migration.	   Since	   the	   images	   are	   obtained	   from	  
representative	   fields	   of	   view,	   it	   is	   difficult	   to	   analyse	   cell	  migration	   at	   a	   population	   level.	  
However,	  in	  order	  to	  arrive	  at	  quantitative	  predictions,	  the	  development	  of	  new	  algorithms	  
capable	  of	  analysing	  experimental	  data	  is	  required	  (Mokhtari	  et	  al.,	  2013).	  ,	  Using	  software	  
developed	  by	  Dr.	  Maté	  Biro,	  we	  could	   simulate	   three	  different	  modes	  of	  T	   cell	  migrations	  
and	  to	  predict	  how	  this	  is	  correlated	  with	  the	  scanning	  and	  recognition	  of	  target	  cells.	  	  One	  
thousand	   synthetic	   cell	   tracks	   were	   generated	   by	   computer	   algorithm	   focusing	   on	   three	  
different	   types	   of	  migration:	   directed	  migration,	   confined	  migration,	   and	   purely	   Brownian	  
migration.	  Each	  cell	  track	  was	  generated	  in	  a	  3D	  spatial	  environment	  up	  to	  a	  maximum	  180	  
time	  points	  at	  20	  sec	  per	  frame.	  For	  every	  type	  of	  migration	  the	  speed	  range	  was	  between	  0	  
to	  10	  µm/min	  with	  an	  average	  of	  5	  µm/min,	  which	  is	  similar	  to	  real	  CTL	  migration	  kinetics.	  
The	  allowed	   turning	  angles	  were	  adjusted	   for	  every	   type	  of	  migration.	   In	  a	  purely	   random	  
migration	  case,	  a	  new	  turning	  angle	  between	  00	  to	  1800	  	   (all	  angles	  allowed)	  was	  randomly	  
chosen	   for	   every	   time	   step.	   In	   the	   case	   of	   a	   confined	   migration,	   the	   turning	   angle	   was	  
restricted	  to	  between	  900	  and	  1800,	  thus	  forcing	  sharp	  turns.	  On	  the	  other	  hand,	  restricting	  
the	  turning	  angles	  to	  between	  00	  to	  900	  simulated	  a	  directed	  mode	  of	  migration	  (Figure	  4.1).	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Figure	  4.1:	  	  Simulation	  of	  different	  modes	  of	  migration	  using	  SIMmig	  software	  developed	  
by	  Dr.	  Maté	  Biro.	  Red	  tract	  represents	  a	  directed	  mode	  of	  migration.	  Blue	  tract	  is	  a	  random	  
mode	  of	  migration.	  Green	  tract	  represents	  a	  confined	  mode	  of	  migration.	  	  
The	  different	  modes	  of	  migration	  were	  tested	  by	  plotting	  the	  msd	  as	  a	  function	  of	  time.	  In	  
the	   case	   of	   purely	   Brownian	   migration,	   the	   MSD	   analysis	   would	   describe	   a	   linear	  
dependence	  on	  time	  and	  when	  it	  is	  plotted	  on	  a	  log	  –log	  scale	  the	  slope	  of	  the	  line	  should	  be	  
close	  to	  1.	  If	  the	  migration	  mode	  is	  more	  directed	  the	  MSD	  would	  be	  higher	  and	  on	  the	  log	  –	  
log	  scale	  the	  slope	  would	  be	  higher	  than	  1.	  In	  contrast,	  in	  confined	  migration	  mode	  the	  MSD	  
is	  lower	  than	  random	  migration	  and	  on	  a	  log-­‐log	  scale	  the	  slope	  of	  the	  curve	  would	  be	  less	  
than	  1.	  The	  motility	  coefficient	  was	  extracted	  from	  the	  slope	  of	  the	  best	  linear	  fit	  to	  the	  MSD	  
as	  a	  function	  of	  the	  time	  (Cahalan	  &	  Parker,	  2008)	  and	  it	  was	  used	  as	  a	  measurement	  of	  the	  
volume	  a	  cell	  can	  screen	  over	  time.	  	  
4.3)	  Results	  	  
Reorganisation	  of	  the	  cytoskeleton	  is	  responsible	  for	  the	  polarised	  shape	  changes	  observed	  
in	  T	  cells	  during	  migration.	  Actin	  filaments	  and	  myosin	  II	  motor	  proteins,	  collectively	  called	  
the	  actomyosin	  cortex,	  generate	  the	  mechanical	  force	  necessary	  for	  T	  cells	  to	  migrate	  (Biro	  
et	  al.,	  2014).	  The	  forces	  produced	  by	  the	  actomyosin	  machinery	  can	  be	  contractile	  and	  result	  
in	  various	   types	  of	  cellular	  protrusions.	  Depending	  on	  the	  conformation	  of	   the	  actomyosin	  
complex,	   cells	   navigate	   using	   different	   modes	   of	   migration	   (Salbreux,	   Charras,	   &	   Paluch,	  
2012).	   Classically,	   the	   mode	   of	   migration	   has	   been	   categorized	   as	   either	   amoeboid	   or	  
mesenchymal.	   Mesenchymal	   migration	   depends	   on	   the	   formation	   of	   lamellipodia	   at	   the	  
front	  of	  the	  cell,	  where	  polymerisation	  of	  actin	  filaments	  at	  the	  front	  of	  the	  cell	  membrane	  
produces	  a	  protrusive	  force	  on	  the	  leading	  edge.	  On	  the	  other	  hand,	  amoeboid	  migration	  is	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characterised	  by	  a	  rounded	  morphology	  with	  highly	  dynamic	  formations	  of	  protrusions	  and	  
retractions	  at	  the	  front	  of	  the	  cell	  (Keren	  et	  al.,	  2008).	   In	  this	  context,	  the	  conformation	  of	  
actomyosin	   is	   also	   important	   for	   the	   directionality	   by	   which	   the	   cells	   move.	   Different	  
signalling	   pathways	   have	   been	   described	   to	   be	   responsible	   for	   the	   modulation	   of	   the	  
actomyosin	  machinery.	  It	   is	  well	  accepted	  that	  the	  Rho-­‐GTPaes	  are	  central	  components	  for	  
the	   regulation	   of	   the	   actomyosin	   cortex.	   Rho-­‐GTPaes	   are	   involved	   in	   both	   contractile	   and	  
expansive	  forces	  necessary	  for	  cell	  migration	  (Biro	  et	  al.,	  2014).	  RhoA	  and	  RhoC	  are	  involved	  
in	   the	   activation	  of	  myosin	   via	   phosphorylation	  of	   the	  myosin	   regulatory	   light	   chain.	   Thus	  
Myosin	   II	   retraction	   at	   the	   rear	   of	   the	   cell	   is	   controlled	   by	   RhoA	   and	   is	   important	   for	   the	  
generation	   of	   the	   uropod	   (Heasman	   et	   al.,	   2010).	   In	   contrast,	   Rac,	   through	   Arp2/3	  
activation,	  generates	  actin	  polymerisation	  and	  pseudopodia	  formation	  at	  the	  leading	  edge.	  A	  
negative	  crosstalk	  between	  the	  Rho-­‐GTPases	  allows	  the	  compartmentalisation	  of	  Rac	  at	  the	  
leading	  edge	  and	  RhoA	  at	  the	  trailing	  edge.	  This	  segregation	  of	  the	  Rho-­‐GTPases	  is	  important	  
for	  maintaining	  leukocyte	  polarisation	  (Sanchez-­‐Madrid	  &	  Serrador,	  2009).	  While	  the	  Arp2/3	  
complex	  is	  responsible	  for	  the	  generation	  of	  the	  highly	  branched	  actin	  meshwork	  observed	  
in	   the	   lamellipodium,	   formins	   are	   involved	   in	   the	   formation	   of	   linear	   filaments	   at	   the	  
extending	  filopodial	  tip.	  For	  example,	  mDia2	  (a	  member	  of	  the	  family	  of	  diaphanous	  related	  
formins)	   is	   localised	  at	  the	  tips	  of	   filopodia	  generated	  by	  Cdc42	  activation	  (J.	  Peng,	  Wallar,	  
Flanders,	   Swiatek,	   &	   Alberts,	   2003).	   Thus,	   we	   hypothesised	   that	   the	   pharmacological	  
inhibition	   of	   actin	   nucleators	   and	   ROCK	   could	   affect	   the	   migration	   behaviour	   of	   T	   cells.	  
Therefore,	  different	  drugs	  inhibiting	  ROCK	  (Y-­‐27632),	  Arp2/3(CK-­‐666)	  and	  formins	  (SMIFH-­‐2)	  
were	   tested	   and	   the	   effect	   of	   selective	   inhibition	   of	   each	   component	   of	   the	   actomyosin	  
cortex	  on	  the	  morphology	  and	  migration	  behaviour	  of	  CTLs	  was	  observed.	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Figure	   4.2:	   Pharmacological	   inhibition	   of	   key	   components	   of	   the	   actomyosin	   cortex	  
induced	   different	   morphologies.	   Representative	   snapshots	   of	   GFP-­‐Lifeact	   expressing	   CTLs	  
treated	  with	   different	   inhibitors	   of	   the	   acto-­‐mysoin	   cortex	   as	   is	   indicated.	  Magenta	   colour	  
indicates	  the	  contour	  of	  the	  cell	  body	  derived	  from	  the	  inverted	  signal	  of	  the	  gel	  stained	  with	  
Alexa-­‐Fluor	   647	   (1µg/ml).	   CTLs	   displayed	   different	   morphologies	   when	   they	   were	   treated	  
with	  different	  inhibitors	  of	  the	  actomyosin	  cortex.	  Y-­‐27632,	  a	  ROCK	  inhibitor,	  abrogated	  the	  
formation	   of	   the	   uropod	   on	   CTLs	   but	   they	   still	   produced	   pseudopodia.	   The	   inhibition	   of	  
Arp2/3	  by	  CK-­‐666	  reduced	  the	  generation	  of	  pseudopodia	  but	  induced	  the	  formation	  of	  blebs	  
(arrowheads).	  SMIFH-­‐2,	  a	  pan	  inhibitor	  of	  formins,	  abrogated	  the	  formation	  of	  filopodia.	  The	  
double	  inhibition	  of	  Arp2/3	  and	  RhoA	  abrogated	  cell	  polarisation	  of	  CTLs	  and	  promoted	  the	  
generation	  of	  filopodia	  (arrowheads).	  Scale	  bars	  represent	  5µm.	  	  
The	   inhibition	   of	   Arp2/3	   by	   CK-­‐666	   induced	   a	   different	   morphology	   compared	   with	  
conventional	   CTLs.	   CK666	   inhibited	   the	   formation	   of	   pseudopodia	   in	   CTLs,	   however	   these	  
cells	   seemed	   to	   generate	   blebs	   instead	   (Figure	   4.2).	   Blebs	   are	   spherical	   expansions	   of	   the	  
membrane,	   initially	   deficient	   of	   actin	   filaments.	   These	   structures	   are	   produced	   by	   an	  
increment	   of	   the	   intracellular	   hydrostatic	   pressure.	   It	   is	   known	   that	   bleb	   formation	   is	  
dependent	  on	  myosin	  contractibility.	  The	  generation	  of	  a	  bleb	  is	  typically	  divided	  into	  three	  
phases:	   initiation,	  growth	  and	  retraction	  (Figure	  4.3).	  Since	  a	  negative	  feedback	   loop	  exists	  
between	   Rho-­‐GTPases,	   it	   is	   possible	   that	   Arp2/3	   inhibition	   can	   promote	   the	   activation	   of	  
RhoA,	  thereby	  increasing	  the	  level	  of	  phosphorylated	  Myosin	  II.	  We	  found	  the	  inhibition	  of	  
ROCK	   by	   Y-­‐27632	   induced	   the	   formation	   of	   pseudopodia	   at	   the	   leading	   edge	   but	   also	  
CK#666%
SMIFH#2%
Y#27632%%
Y#27632%+%CK#666%%
x 	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abrogated	  the	  formation	  of	  the	  uropod	  at	  the	  rear	  of	  the	  cell	  (Figure	  4.2).	  In	  addition,	  ROCK	  
inhibition	   seemed	   to	   impair	   the	   motility	   of	   CTLs,	   especially	   when	   they	   migrated	   through	  
small	  pores	  in	  the	  collagen	  gel	  where	  the	  tail	  failed	  to	  retract.	  Thus,	  in	  some	  circumstances	  
these	   cells	   displayed	   an	   elongated	   morphology	   compared	   with	   control	   CTLs.	   The	   double	  
inhibition	  of	  ROCK	  and	  Arp2/3	   induced	  a	  rounded	  morphology	   in	  CTLs,	  where	  they	  did	  not	  
display	   a	   polarised	   shape	   compared	   with	   the	   separate	   inhibition	   of	   ROCK	   and	   Arp2/3,	  
although	  some	  cells	  did	  develop	  long	  formations	  of	  filopodia	  (Figure	  4.2).	  Since	  filopodia	  are	  
thin	  projections	  that	  extend	  form	  the	  cell	  body,	  it	  is	  very	  hard	  to	  identify	  with	  conventional	  
software,	   however	   in	   this	   study	   filopodia	  were	   identified	   based	   on	   their	  morphology	   and	  
actin	  content.	  	  
These	  findings	  suggest	  that	  the	  Arp2/3	  complex	  does	  not	  exclusively	  regulate	  the	  generation	  
of	   filopodia.	   Formins	   are	   thought	   to	   generate	   unbranched	   actin	   filaments,	   and	   we	   found	  
consistent	  with	  this	  that	  cells	   in	  which	  we	  inhibited	  formins	  failed	  to	  produce	  filopodia	  but	  
maintained	  a	  polarised	  shape	  (Figure	  4.2).	  	  	  	  	  	  	  	  	  
	  	  	  	  	   	  
Figure	   4.3:	   CK-­‐666	   induced	   formation	   of	   blebs	   in	   CTLs.	   Representative	   snapshot	   of	   a	  
GFPLifeact	   expressing	   CTLs	   treated	   with	   CK-­‐666	   at	   100µM.	   Magenta	   colour	   indicates	   the	  
contour	   of	   the	   cell	   body	   and	   it	   is	   derived	   from	   the	   inverted	   signal	   of	   the	   gel	   stained	  with	  
Aexa-­‐Fluor	  647	   (1µg/ml).	  Time-­‐lapse	  series	  of	  a	   typical	  movie	   from	  0	   to	  40	  seconds.	  White	  
arrow	   shows	   the	   initiation	   of	   a	   growing	   bleb.	   The	   initiation	   of	   a	   bleb	   occurs	   due	   to	   an	  
increment	  of	  the	  intracellular	  hydrostatic	  pressure.	  This	  event	  induces	  a	  protrusion	  of	  the	  cell	  
membrane	  either	  because	  of	  a	  local	  rupture	  of	  the	  cortex	  itself	  or	  because	  the	  detachment	  of	  
the	  cortex	  from	  the	  membrane	  (10s).	  Over	  time,	  the	  membrane	  can	  detach	  further	  from	  the	  
cortex	   thereby	   increasing	   the	   size	   of	   the	   bleb	   (20s)	   New	   filaments	   of	   actin	   cortex	   are	  
assembled	   under	   the	   bleb	   membrane	   and	   its	   expansion	   started	   to	   slow	   down	   (30s).	   This	  
newly	  assembled	  cortex	  could	  mediate	  bleb	  retraction	  (40s).	  Scale	  bars	  represent	  3µm.	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Actomyosin	   nucleators	   and	   regulators	   are	   not	   only	   involved	   in	   the	   formation	   of	   different	  
types	  of	  protrusions	  but	  also	  influence	  migration	  behaviour	  in	  different	  types	  of	  cells.	  Here	  
we	  showed	  that	  the	  pharmacological	  inhibition	  of	  a	  particular	  nucleator/regulator	  or	  two	  in	  
combination	  had	  an	  effect	  on	  the	  migration	  behaviour	  of	  CTLs.	  The	  inhibition	  of	  ROCK	  with	  
Y27632	  reduced	  T	  cell	  motility	  producing	  lower	  average	  speeds	  and	  lower	  arrest	  coefficients	  
compared	  with	  control	  CTLs	  (Figure	  4.4A	  and	  4.4B).	  However,	  the	  confinement	  ratio	  did	  not	  
change	  and	  there	  was	  a	  decrease	  in	  turning	  angles	  in	  the	  presence	  of	  Y-­‐27632	  (Figure	  4.4C).	  
The	  inhibition	  of	  Arp	  2/3	  with	  CK666	  also	  reduced	  the	  motility	  of	  CTLs.	  These	  cells	  had	  less	  
speed	  and	  lower	  arrest	  coefficient	  compared	  with	  control	  CTLs	  or	  CTLs	  treated	  with	  Y-­‐27632	  
(Figure	  4.4A	  and	  4.4B).	  Furthermore,	  CK-­‐666	  induced	  increased	  turning	  angles	  and	  reduced	  
confinement	   ratios	   compared	   with	   control	   CTLs	   (Figure	   4.4C	   and	   4.4D).	   As	   expected,	   the	  
inhibition	  of	  both	  Arp2/3	  and	  ROCK	  completely	  abrogated	  the	  motility	  of	  CTLs	  with	  an	  arrest	  
coefficient	  mean	  close	  to	  1	  (Figure	  4.4B).	  The	  inhibition	  of	  formins	  also	  somewhat	  impaired	  
the	  motility	   of	   CTLs.	   These	   cells	   had	   reduced	   average	   speed	   and	   lower	   arrest	   coefficient	  
compared	  with	   control	   CTLs	   (Figure	   4.4A	   and	   4.4B).	   On	   the	   other	   hand,	   the	   confinement	  
ratio	   and	   the	   turning	   angle	   did	   not	   change	   compared	   with	   the	   control	   condition.	   Even	  
though	  the	  inhibition	  of	  formins	  and	  ROCK	  (SMIFH-­‐2	  +	  Y-­‐27632)	  also	  reduced	  the	  motility	  of	  
CTLs,	  the	  mean	  arrest	  coefficient	  (0.45)	  was	  comparable	  to	  the	  inhibition	  of	  formins	  or	  ROCK	  
separately	   (0.42	   or	   0.41	   respectively)	   (Figure	   4.4C).	   To	   rule	   out	   the	   possibility	   that	   the	  
outcomes	   were	   affected	   by	   a	   higher	   concentration	   of	   the	   vehicle	   (DMSO)	   with	   double	  
treatment	   with	   the	   inhibitors,	   some	   CTLs	   were	   treated	   with	   a	   double	   concentration	   of	  
DMSO	  (Vehicle-­‐2).	  This	  condition	  did	  not	  affect	  the	  migration	  parameters	  of	  CTLs	  compared	  
with	  control	  CTLs	  (Vehicle-­‐1)	  (Figure	  4).	  
These	   findings	   support	   the	   notion	   that	   the	   inhibition	   of	   a	   particular	   actin	   nucleator	   or	  
myosin	   contractility	   regulator	   modifies	   the	   migration	   behaviour	   of	   T	   cells.	   It	   is	   widely	  
accepted	  that	  RhoA	  via	  ROCK	  regulates	  the	  actomyosin	  cortex	  through	  activation	  of	  myosin	  
motor	   proteins.	   Recent	   work	   has	   shown	   that	   the	   deficiency	   of	   myosin	   1g	   promotes	   a	  
directed	  migration	  mode	  of	  T	  cells	  with	  decreased	  turning	  and	  meandering	  motility	  (Gerard	  
et	  al.,	  2014).	  Here	  we	  show	  that	  ROCK	  inhibition	  could	  promote	  more	  directed	  migration	  by	  
reducing	   the	   turning	   angles	   of	   CTLs	   dependent	   on	   the	   activity	   of	   the	  myosin	   proteins.	   In	  
contrast,	  Arp2/3	  inhibition	  was	  characterised	  as	  having	  a	  meandering	  motility	  with	  increased	  
turning	   angles	   and	   reduced	   confinement	   ratio.	   This	   outcome	   is	   consistent	   with	   previous	  
reports	   of	   epithelial	   cancer	   cells	   displaying	   uncoordinated	   random	  movements	  when	   they	  
migrate	   using	   blebs	   in	   2D	   environments	   (Bergert	   et	   al.,	   2012).	   Since	   Rho-­‐GTPases	   and	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actomyosin	   regulators	   are	   interconnected,	   the	   inhibition	   of	   one	   component	   can	   promote	  
the	  activation	  of	  others.	  Thus,	  the	  inhibition	  of	  Arp2/3	  could	  induce	  the	  activation	  of	  myosin	  
motor	  proteins	  through	  RhoA	  thereby	  facilitating	  a	  meandering	  motility.	  	  
	  
A) B) 
C) D) 
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Figure	   4.4:	   The	   modulation	   of	   the	   actomyosin	   cortex	   altered	   the	   motility	   of	   CTLs.	   A)	  
Distribution	   of	   the	   average	   speed	   of	   CTLs	   pre-­‐treated	   with	   different	   inhibitors	   of	   the	  
actomyosin	  cortex	  separately	  or	  in	  combination	  for	  at	  least	  30	  min	  as	  indicated.	  Some	  CTLs	  
were	  treated	  with	  the	  highest	  concentration	  of	  the	  vehicle	  from	  the	  combination	  of	  the	  drugs	  
(Vehilce-­‐2).	  B)	  Distribution	  of	  the	  arrest	  coefficient	  of	  CTLs	  characterised	  in	  A.	  C)	  Distribution	  
of	  the	  confinement	  ratio	  of	  CTLs	  characterised	   in	  A.	  D)	  Distribution	  of	  the	  turning	  angles	  of	  
CTLs	  treated	  with	  the	  inhibitors	  separately.	  Data	  were	  pooled	  from	  two-­‐stage	  position	  from	  
two	  independent	  experiments.	  Differences	  between	  means	  were	  tested	  using	  Kruskal-­‐Wallis	  
followed	  by	  Dunn’s	  multiple	  comparison	  test	   (GraphPad	  Prism	  5.0)	  where,	  *P	  <	  0.05,	  **P	  <	  
0.01	  and	  ***	  P	  <	  0.001.	  	  
The	  inhibition	  of	  Arp2/3	  complex,	  required	  for	  pseudopodia	  and	  lamellipodia	  formation	  and	  
known	  to	  drive	  the	  canonical	  migration	  mode	  of	  CTL,	  consistently	  induced	  the	  greatest	  loss	  
of	  scanning	  efficacy,	  resulting	  in	  a	  motility	  coefficient	  of	  1.675	  μm2/min.	  However,	  this	  did	  
not	  completely	  abrogate	  the	  motility	  of	  CTLs.	  In	  contrast,	  the	  double	  inhibition	  of	  RhoA	  and	  
Arp2/3	  (CK666	  +	  Y27632)	  could	  abrogate	  almost	  completely	  the	  motility	  of	  CTLs,	  resulting	  in	  
a	  motility	   coefficient	   of	   0.56	  μm2/min	   (Figure	   4.5).	   On	   the	   other	   hand,	   inhibition	   of	   the	  
formins	   caused	   CTLs	   to	   adopt	   a	   confined	   mode	   of	   migration	   with	   α 	   of	   0.8946,	   in	  
conjunction	  with	  a	  loss	  of	  filopodia	  (Figure	  4.5).	  As	  filopodia	  do	  not	  play	  an	  essential	  role	  in	  
the	  translocation	  of	  the	  cell	  body,	  they	  could	  be	  involved	  in	  directional	  maintenance	  during	  
T	   cell	   scanning.	   These	   results	   reveal	   the	   integral	   involvement	   of	   actomyosin	   regulators	   in	  
shaping	   CTL	   scanning	   efficacy,	   and	   that	   their	   targeting	   can	   lead	   to	   the	  modulation	   of	   CTL	  
motility.	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Figure	   4.5:	   Actomyosin	   cortex	   is	   involved	   in	   the	   strategy	   search	   of	   CTLs.	  Mean	   squared	  
displacement	   analysis	   of	   CTLs	   treated	   with	   different	   inhibitors	   of	   the	   regulators	   of	   the	  
actomyosin	  cortex,	  separately	  (left),	  and	  in	  combination	  (right).	  Main	  plots	  on	  log-­‐log	  scales,	  
inset	   graphs	   on	   linear	   scales.	   The	   alpha	   factor	   (slope	   of	   log-­‐log	   graph)	   determines	   the	  
directedness	   of	   a	   migrating	   population.	   The	   motility	   coefficient	   is	   a	   measure	   of	   search	  
coverage	   in	  a	  given	  volume.	  Points:	  mean	  ±	  SEM.	  Lines:	   linear	   fits.	  Data	  were	  pooled	   from	  
two-­‐stage	  position	  from	  two	  independent	  experiments.	  
The	  timely	  and	  accurate	  organisation	  of	   the	  cytoskeleton	   is	  necessary	   for	   the	  formation	  of	  
the	   immunological	   synapse	   (IS)	   that	   mediates	   the	   killing	   of	   target	   cells.	   Since	   the	  
polymerisation	  of	  actin	   filaments	  and	  the	  activity	  of	   the	  myosin	  motor	  proteins	  are	  crucial	  
for	  the	  generation	  of	  the	  IS	  we	  hypothesised	  that	  the	  inhibition	  of	  a	  singular	  component	  of	  
the	   actomyosin	   cortex	   would	   influence	   the	   ability	   of	   CTLs	   to	   kill	   their	   respective	   targets.	  
Using	  CFSE-­‐based	  cytotoxic	  assays,	  the	  inhibition	  of	  formins	  was	  the	  only	  condition	  by	  which	  
killing	  efficiency	  was	  impaired	  in	  CTLs.	  Strikingly,	  ROCK	  or	  Arp2/3	  inhibition	  did	  not	  alter	  the	  
effector	   function	  of	  CTLs	   in	  the	  killing	  of	  their	  targets	   (Figure	  4.6).	  These	  data	  suggest	  that	  
the	  formation	  of	  the	  IS	  is	  highly	  plastic	  and	  that	  the	  inhibition	  of	  a	  particular	  component	  of	  
the	  actomyosin	  cortex	  could	   induce	  the	  activation	  of	  other	  signalling	  pathways	   in	  order	   to	  
remodel	   the	   cytoskeleton.	   For	   instance,	   the	   inhibition	   of	   Arp2/3	   could	   be	   overcome	   by	  
activation	   of	   formins.	   Previous	   work	   has	   shown	   that	   CTLs	   deficient	   in	   Arp2/3	   can	   still	  
polarise	  actin	  filaments	  at	  the	  IS	  (Gomez	  et	  al.,	  2007).	  This	  depended	  on	  the	  activation	  of	  the	  
formins	   mDia1	   and	   Fmnl1.	   On	   the	   other	   hand,	   Myosin	   II	   is	   known	   to	   be	   essential	   for	  
formation	  of	  a	  stable	  IS.	  However,	  it	  has	  been	  reported	  that	  inhibition	  of	  a	  single	  Rho	  kinase	  
does	  not	   impair	   the	  generation	  of	  microclusters	   in	   the	   IS	   (Ritter,	  Angus,	  &	  Griffiths,	  2013).	  
Our	   results	   suggest	   that	   there	   are	   Rho-­‐GTPase	   pathways	   upstream	   of	   myosin	   other	   than	  
those	  centred	  on	  ROCK	  that	  can	  induce	  target	  cell	  killing.	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4.6:	  Formins	  are	  an	  indispensable	  component	  of	  the	  cytotoxic	  capacity	  on	  CTLs.	  CTLs	  were	  
pre-­‐treated	  with	  an	  inhibitor	  of	  Arp2/3	  complex	  (CK666	  at	  100µM),	  RhoA	  (Y27632	  at	  20µM)	  
or	  formins	  (SMIFH-­‐2	  at	  20µM)	  for	  at	  least	  30	  min.	  (Left	  panel).	  The	  cytotoxic	  index	  is	  derived	  
from	  the	  initial	  proportion	  of	  pulsed	  cells	  (+SIINFEKL)	  vs.	  non-­‐pulsed	  cells	  (-­‐SIINFEKL)	  and	  the	  
surviving	  proportion	  of	  both	  populations	  after	  three	  hours	  of	  cytotoxic	  assay.	  Histograms	  are	  
representative	   of	   two	   independent	   experiments	   where	   pulsed	   cells	   were	   labelled	   with	  
(above)	  or	  without	  (below)	  CFSE.	  	  	  
	  	  
Formins	   seem	   to	   have	   an	   important	   role	   in	   the	  migration	   behaviour	   of	   CTLs	   as	  well	   as	   in	  
their	   cytotoxic	   capacity.	   Therefore,	   the	  expression	   levels	   for	   several	   actin	  nucleators	  were	  
evaluated	  by	  qRT-­‐PCR.	  We	   found	   that	  aside	   from	  the	  Arp2/3	  complex,	   the	   formins	  Fmnl1,	  
Diap2	   and	  Diap3	  were	   expressed	   significantly	  more	   in	   CTL	   than	   in	   positive	   control	   (Figure	  
4.7).	   The	   role	   of	   these	   formins	   in	   the	   migration	   behaviour	   of	   CTLs	   remains	   unknown,	  
nevertheless	  Diap3	  is	  known	  to	  drive	  the	  extension	  of	  the	  filopodia	  and	  it	  is	  localized	  at	  the	  
tips.	  Fmnl1	  and	  Diap1	  are	  responsible	  for	  the	  translocation	  of	  the	  centrosome	  to	  the	   IS.	   In	  
addition,	  a	  number	  of	  other	  formins	  were	  found	  to	  be	  expressed,	  however,	  it	  is	  unclear	  what	  
their	  effect	  is	  on	  the	  migration	  behaviour	  of	  CTLs	  (Figure	  4.7).	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Figure	  4.7:	  CTLs	  expressed	  a	  variety	  of	  formins.	  q-­‐rtPCR	  screen	  for	  gene	  expression	  of	  actin	  
nucleators	  in	  primary	  CTL;	  triplicates	  from	  3	  mice.	  Expression	  levels	  shown	  as	  a	  ratio	  to	  
positive	  control.	  ND:	  not	  detected.	  
Using	  a	   software	   called	  SIMmig	  developed	  by	  Dr.	  Maté	  Biro	   that	   allows	   for	   simulations	  of	  
migration	  and	  the	  variation	  of	  motility	  parameters	  such	  as	  migratory	  speeds,	   track	   lengths	  
and	   turning	   angles,	   we	   simulated	   three	   types	   of	   movement:	   Brownian	   (referred	   to	   as	  
random),	  directed	  and	  confined	  (Figure	  4.8).	  In	  this	  manner,	  we	  were	  able	  to	  compare	  how	  
randomly	  or	  directedly	  the	  CTLs	  migrated	  in	  our	  experimental	  data.	   In	  a	  random	  migration	  
mode,	   the	   mean	   square	   displacement	   (MSD)	   increases	   linearly	   as	   a	   function	   of	   time.	  
Therefore,	  the	  slope	  of	  the	  fitted	  line	  on	  a	  log-­‐log	  scale	  (alpha	  factor)	  should	  be	  close	  to	  1.	  In	  
a	  directed	  migration	  mode,	  a	  cell	  displaces	  further	  from	  the	  point	  of	  origin	   in	  a	  given	  time	  
than	  a	  randomly	  migrating	  cell	  and	  by	  definition	  has	  an	  alpha	  factor	  greater	  than	  1.	  On	  the	  
other	  hand,	  a	  confined	  migration	  mode	  has	  an	  alpha	  factor	  less	  than	  1	  and	  the	  displacement	  
over	   time	   is	   lower	   than	   in	   random	   migration.	   The	   search	   coverage	   area	   defined	   by	   the	  
motility	  coefficient	  M	  is	  also	  consistent	  with	  the	  migration	  mode.	  Thus,	  a	  directed	  migration	  
mode	   generally	   has	   a	   greater	   motility	   coefficient	   than	   a	   random	   migration	   mode.	   In	  
contrast,	  a	  confined	  migration	  has	  a	  lower	  motility	  coefficient	  (Figure	  4.8).	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Figure	   4.8:	   Simulation	   of	   different	   patterns	   of	   migration.	   Mean	   squared	   displacement	  
analysis	   of	   simulated	   tracks	   (n=1000	   per	   every	   migration	   mode).	   Main	   plots	   on	   log-­‐log	  
scales,	   inset	   graphs	   on	   linear	   scales.	   The	   alpha	   factor	   (slope	   of	   log-­‐log	   graph)	   determines	  
directedness	   of	   a	   migrating	   population.	   The	   motility	   coefficient	   is	   a	   measure	   of	   search	  
coverage	   in	  a	  given	  volume.	  Points:	  mean	  ±	  SEM.	  Lines:	   linear	   fits.	  Data	  were	  pooled	   from	  
two-­‐stage	  position	  from	  two	  independent	  experiments.	  	  
	  
Thus	  far,	  the	  migration	  behaviour	  of	  T	  cells	  is	  considered	  an	  important	  determinant	  for	  the	  
clearance	  of	  pathogens.	  For	   instance,	  CTLs	  have	  a	  directed	  migration	  mode	   in	   the	  brain	  of	  
mice	   infected	  with	  Toxoplasma	  gondii	   (Harris	  et	  al.,	  2012).	  This	  particular	  migration	  mode	  
allows	  T	   cells	   to	   scan	   large	  areas	  of	   tissue.	   In	   the	  epidermis,	   resident	  memory	  T	   cells	   also	  
travel	   in	   a	   direct	  mode	   to	   increase	   the	   probability	   of	   finding	   rare	   antigens	   (Ariotti	   et	   al.,	  
2012).	   However,	   under	   inflammatory	   conditions,	   T	   cells	   slow	   down	   and	   change	   their	  
migration	  behaviour.	  During	  infection	  with	  cutaneous	  herpes	  simplex	  virus	  1,	  T	  cells	  have	  a	  
slow	  random	  migration	  mode	  which	  constrain	  the	  cells	  to	  the	  site	  of	   inflammation	  (Zaid	  et	  
al.,	  2014).	  Therefore,	  the	  microenvironment	  strongly	   influences	  the	  migration	  behaviour	  of	  
CTLs.	  Our	  results	  clearly	  show	  that,	  the	  actomyosin	  cortex	  regulates	  the	  migration	  mode	  of	  
CTLs.	   An	   intricate	   balance	   of	   actomyosin	   contractility	   and	   actin	   polymerisation,	   driven	   by	  
both	  Arp2/3	  complex	  and	  various	  formins,	  seems	  to	  determine	  the	  precise	  morphology	  and	  
migratory	   characteristics	   of	   T	   cells.	   Strikingly,	   the	   pan-­‐inhibition	   of	   formins	   induces	   a	  
confined	   migration	   behaviour,	   indicating	   that	   filopodia	   may	   play	   a	   crucial,	   and	   as	   yet	  
unknown	  role	  in	  the	  directional	  maintenance	  of	  T	  cell	  movement.	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Chapter	  5	  
Discussion	  	  
A	  tumour	  has	  been	  considered	  an	  aberrant	  organ	  initiated	  by	  tumorigenic	  cells	  that	  acquired	  
the	  capacity	  to	  proliferate	  and	  accumulate	  mutations.	  Like	  any	  other	  organ,	   it	   is	  a	  complex	  
network	   made	   out	   of	   collagen,	   glycoproteins,	   growth	   factors	   and	   proteoglycans	   in	  
conjunction	   with	   cellular	   components	   comprising	   normal	   stromal	   elements	   such	   as	  
fibroblasts,	  endothelial	  cells	  and	  immune	  cells	  into	  which	  the	  tumour	  cells	  invade	  and	  grow	  
(Junttila	  &	  de	  Sauvage,	  2013).	  In	  this	  way,	  the	  tumour	  microenvironment	  is	  recognised	  as	  a	  
key	   contributor	   to	   cancer	   progression	   and	   drug	   resistance.	   This	   concept	   implies	   that	  
tumours	  are	  not	  a	  homogeneous	  population	  of	  cancer	  cells;	  instead,	  it	  they	  result	  from	  the	  
association	  of	  different	  types	  of	  cells	  (Quail	  &	  Joyce,	  2013).	  The	  characteristics	  of	  the	  tumour	  
microenvironment	   vary	   widely	   and	   play	   a	   key	   role	   in	   determining	   the	   immune	   response	  
against	  cancer	  cells.	  It	  is	  known	  that	  certain	  cells	  of	  the	  immune	  system,	  including	  effector	  T	  
cells,	   dendritic	   cells	   and	   natural	   killer	   cells	   can	   trigger	   a	   potent	   anti-­‐tumour	   response.	  
Nevertheless,	   cancer	   cells	   often	   induce	   an	   immunosuppressive	   microenvironment,	   which	  
promotes	   the	   development	   of	   an	   immunosuppressive	   population	   of	   immune	   cells.	   In	  
addition	   to	   cancer	   cells	   and	   immune	   cells,	   the	   surrounding	   stromal	   cells	   can	   also	  produce	  
regulatory	  cytokines	  and	  mediators	  to	  participate	  in	  immune	  regulation.	  	  
The	  tumour	  microenvironment	  contains	  high	  levels	  of	  TGF-­‐β,	  a	  multifunctional	  cytokine	  that	  
inhibits	  the	  functions	  of	  infiltrating	  immune	  cells	  against	  tumour	  antigens.	  Thus,	  the	  tumour	  
microenvironment	  induces	  T	  cell	  anergy	  where	  T	  cells	  are	  functionally	  inactivated	  following	  
an	  antigen	  encounter,	  but	  remain	  alive	  for	  an	  extended	  period	  of	  time	  in	  a	  hypo-­‐responsive	  
state	   (Crespo,	   Sun,	  Welling,	   Tian,	  &	   Zou,	   2013).	   	   Previous	   reports	   have	   shown	   that	   TGF-­‐β	  
directly	   targets	   cytotoxic	   T	   cell	   functions	   during	   tumour	   evasion	   of	   immune	   surveillance.	  
TGF-­‐β	  suppresses	  the	  proliferation,	  immunosurveillance,	  and	  cytolytic	  activities	  of	  CD8+	  CTLs	  
(Thomas	  &	  Massague,	  2005).	  In	  the	  presence	  of	  TGF-­‐β,	  CTLs	  downregulate	  the	  expression	  of	  
cytotoxic	   genes	   required	   for	   the	   clearance	   of	   cognate	   antigens.	   Furthermore,	   TGF-­‐β	   also	  
induces	   the	   development	   of	   immunosuppressive	   T	   cells.	   The	   most	   well-­‐known	  
immunosuppressive	   populations	   of	   lymphoid	   origin	   are	   regulatory	   T	   cells	   (Tregs),	   which	  
coexpress	  surface	  markers	  such	  as	  CD4	  and	  CD25	  (interleukin-­‐2	  receptor	  𝛼	  chain),	  as	  well	  as	  
a	   particular	   intracellular	   protein	   called	   forkhead	   box	   P3	   (FoxP3)	   (Sakaguchi,	   Yamaguchi,	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Nomura,	   &	   Ono,	   2008).	   However,	   other	   populations	   of	   regulatory	   T	   cells	   have	   been	  
described.	  CD8+	  Tregs	  comprise	  a	  subgroup	  of	  Tregs	  that	  have	  similar	  functionalities	  to	  CD4+	  
Tregs	   and	   they	   have	   been	   involved	   in	   cancer	   pathology	   and	   tumour	   immunity.	   Previous	  
studies	   have	   found	   that	   TGF-­‐β	   induces	   the	   development	   of	   CD8+	   Tregs	   that	   express	   high	  
levels	  of	  CD103	  and	  do	  not	  express	  Foxp3,	  a	  molecule	   that	  has	  been	  considered	  a	  master	  
molecule	  for	  regulatory	  T	  cells	  (Y.	  Liu	  et	  al.,	  2014).	  These	  outcomes	  indicate	  that	  CD8+	  Treg	  
cells	  do	  not	   share	   functional	  or	  phenotypic	   characteristics	  with	  CD4+	  Treg	  cells.	   Therefore,	  
the	  overexpression	  of	  CD103	  is	  considered	  a	  hallmark	  of	  regulatory	  phenotype	  in	  CD8+	  cells	  
(Y.	  Liu	  et	  al.,	  2014).	  CD103	  is	  the	  integrin	  αEβ7	  and	  it	   is	  the	  receptor	  for	  the	  epithelial	  cell-­‐
specific	   ligand	  E-­‐cadherin.	   Recent	  work	  has	   shown	   that	   the	  homing	  of	   resident	  memory	   T	  
cells	  to	  epithelial	  compartments	  such	  as	  the	  skin,	  gut	  and	  female	  reproductive	  tract	  is	  driven	  
by	  TGF-­‐β,	  a	  molecule	  that	  modulates	  the	  expression	  of	  CD103	  (Mackay	  et	  al.,	  2013).	  Thus,	  it	  
is	   possible	   that	   CD103	   expression	   on	   CD8+	   Tregs	   also	   influences	   their	   trafficking	   to	  
inflammatory	  sites.	  Given	  that	  TGF-­‐β	   induces	  the	  expression	  of	  CD103	  on	  CD8+	  T	  cells,	   it	   is	  
likely	   that	   this	   population	   could	   exhibit	   an	   enhanced	   ability	   to	   migrate	   into	   the	   tumour	  
compared	  with	  other	  populations	  of	  T	  cells.	  	  	  
Although	   the	   induction	   of	   T	   cell	   anergy	   and	   the	   development	   of	   regulatory	   T	   cells	   are	  
common	   models	   to	   explain	   why	   the	   tumour	   microenvironment	   suppresses	   the	   immune	  
system,	  new	  approaches	  have	  also	  been	  established.	  T	  cell	  exhaustion	  occurs	  when	  T	  cells	  
are	  chronically	  activated	  at	  sites	  of	  chronic	  inflammation	  such	  as	  with	  viral	  infection,	  cancer	  
and	   autoimmune	   disease	   (Crespo	   et	   al.,	   2013).	   It	   is	   still	   unknown	   how	   the	   tumour	  
microenvironment	  induces	  exhaustion	  of	  T	  cells;	  however,	  mouse	  studies	  suggest	  that	  PD-­‐1	  
is	   responsible	   for	  mediating	  T	   cell	   exhaustion	   in	   chronic	   infections.	   Exhausted	  CD8+	  T	   cells	  
have	  been	  found	  in	  patients	  with	  melanoma,	  ovarian	  cancer	  and	  hepatocellular	  carcinoma.	  
It	   has	   been	   proposed	   that	   TGF-­‐β	   could	  mediate	   T	   cell	   exhaustion,	   however	   the	  molecular	  
mechanisms	  are	  still	  unknown	  (Z.	  Z.	  Yang	  et	  al.,	  2014).	  T	  cell	  senescence	  is	  a	  parallel	  concept	  
whereby	  persistent	  immune	  activation	  induces	  aberrant	  functions	  in	  T	  cells.	  For	  instance,	  in	  
rodent	  models	  of	  cancer,	  CTLs	  become	  antigen-­‐experienced	  and	  convert	   to	  a	  deregulated,	  
pro-­‐inflammatory	  phenotype	  (Chou	  &	  Effros,	  2013).	  	  	  	  
Interleukin	   (IL)-­‐2	   and	   its	   downstream	   activator	   of	   transcription-­‐5	   (STAT-­‐5)	   have	   been	  well	  
documented	   in	   Tregs.	   It	   is	   widely	   accepted	   that	   IL-­‐2	   is	   required	   in	   order	   to	   prevent	   the	  
development	   of	   systemic	   autoimmune	   disease.	   In	   fact,	   CD25	   is	   thought	   to	   be	   a	   useful	  
marker	   for	   the	   identification	   of	   Tregs	   (Sakaguchi,	   Vignali,	   Rudensky,	   Niec,	   &	   Waldmann,	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2013).	   These	   observations	   led	   to	   the	   hypothesis	   that	   IL-­‐2	   is	   a	   key	   component	   for	   the	  
development	   and	   function	   of	   Tregs.	   Autoimmune	   diseases	   in	   mice	   deficient	   of	   IL2	   is	  
prevented	  when	  CD25+	  Tregs	  are	  transferred	  from	  a	  wild-­‐type	  mouse.	  In	  addition,	  TGF-­‐β	  in	  
conjunction	  with	  IL-­‐2	  induces	  a	  regulatory	  phenotype	  in	  conventional	  effector	  T	  cells	  using	  in	  
vitro	  models.	  Thus,	  in	  the	  presence	  of	  TGF-­‐β	  effector	  CD4	  T	  cells	  express	  high	  levels	  of	  CD25	  
and	  Foxp3.	  On	  the	  other	  hand,	  IL-­‐2	  is	  abundantly	  produced	  in	  activated	  T	  cells	  after	  antigen	  
recognition.	   The	   production	   of	   IL-­‐2	   is	   essential	   for	   the	   differentiation	   of	   naïve	   cells	   into	  
effector	  T	  cells.	  Following	  TCR	  activation,	  CD8+	  T	  cells	  express	  high	  levels	  of	  CD25.	  This	  event	  
generates	   a	   positive	   feedback	   loop	   in	   which	   activated	   T	   cells	   produce	   more	   IL-­‐2	   thereby	  
stimulating	  STAT-­‐5	  through	  CD25.	  Thus,	  CD8+	  T	  cells	  overexpress	  CD25,	  making	  them	  more	  
sensitive	  to	  IL-­‐2	  (Boyman	  &	  Sprent,	  2012).	  In	  this	  manner,	  IL-­‐2	  is	  a	  molecule	  that	  is	  involved	  
in	   two	  opposite	   immune	   responses.	  A	   recent	  paper	  has	   shown	   that	   regulatory	  T	   cells	   and	  
effector	  T	  cells	  compete	  for	  IL-­‐2.	  Since	  CD25	  is	  constitutively	  expressed	  in	  Tregs,	  they	  are	  the	  
first	   cells	   to	   bind	   and	   degrade	   IL-­‐2.	   As	   effector	   T	   cells	   are	   also	   dependent	   on	   IL-­‐2,	   the	  
depletion	   of	   IL-­‐2	   can	   dramatically	   impair	   their	   functionality	   (Feinerman	   et	   al.,	   2010).	   This	  
novel	   model	   of	   how	   Tregs	   exert	   their	   suppressive	   activities	   can	   explain	   in	   part	   the	  
paradoxical	  function	  of	  IL-­‐2.	  In	  the	  present	  study,	  TGF-­‐β	  significantly	  reduced	  the	  expression	  
of	  CD25	   in	  CTLs.	  This	   result	   suggests	   that	   these	  cells	  can	  proliferate	   independently	  of	   IL-­‐2.	  
Therefore,	  the	  tumour	  microenvironment	  can	  potentiate	  the	  selection	  of	  anergic	  T	  cells	  by	  
reducing	   the	   levels	   of	   CD25.	   This	   population	   of	   T	   cells	   could	   be	   more	   adaptable	   to	   the	  
environment	   than	   conventional	   effector	   T	   cells.	   These	   outcomes	   are	   consistent	   with	   a	  
previous	  report	  which	   found	  that	  Tregs	  that	  express	  high	   levels	  of	  CD103	  also	  express	   low	  
levels	  of	  CD25	  (Smigiel	  et	  al.,	  2014).	  This	  population	  of	  Tregs	  is	  responsible	  for	  maintaining	  
the	  population	  of	  CD44+/CD62L-­‐	  and	  preferentially	  migrate	  to	  non-­‐lymphoid	  compartments.	  
In	  contrast	  Tregs	  that	  express	  high	  levels	  of	  CD25	  generate	  the	  CD44-­‐/CD62L+	  population	  and	  
these	  migrate	  to	  secondary	  lymph	  nodes	  where	  IL-­‐2	  is	  amply	  produced	  (Smigiel	  et	  al.,	  2014).	  	  	  
As	   stated	  before,	   IL-­‐2	   is	   an	   important	   cytokine	   for	   the	   differentiation	  of	   naïve	   T	   cells	   into	  
effector	  and	  memory	  T	  cells.	  TGF-­‐β	  appears	  to	  have	  an	  active	  role	  in	  this	  process.	  After	  CTLs	  
encounter	   a	   cognate	   antigen	   they	   experience	   a	   clonal	   expansion	   that	   is	   characterised	   by	  
expression	   of	   high	   levels	   of	   CD44	   that	   distinguishes	   effector	   T	   cells	   and	   naïve	   T	   cells.	   The	  
subsequent	   expression	   of	   CD62L	   is	   indicative	   of	   differentiation	   towards	   memory	   T	   cells	  
(Jameson	  &	  Masopust,	   2009).	   Thus,	  CD44+/CD62L+	  memory	  T	   cells	  have	  been	   found	   to	  be	  
more	   efficient	   in	   the	   clearance	   of	   pathogens.	   This	   population	   of	   T	   cells	   specifically	   kills	  
antigen-­‐positive	  cancer	  cells	  more	  efficiently	  and	  expresses	  more	  cytolitic	  granule	  proteins	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than	   effector	   T	   cells	   (Wu	   et	   al.,	   2013).	   Here,	   we	   found	   that	   the	   inhibition	   of	   the	   TGF-­‐β	  
signalling	  pathway	  induced	  differentiation	  to	  memory	  T	  cells	  by	  increasing	  the	  proportion	  of	  
CD44+/CD62L+	   T	   cells.	   This	   event	   was	   accompanied	   by	   increased	   levels	   of	   IL-­‐2	   and	  
phosphorylation	   of	   Erk.	   In	   contrast,	   exogenous	   TGF-­‐β	   reduced	   the	   CD44+/CD62L+	   cell	  
population,	   suggesting	   that	   the	   tumour	   microenvironment	   can	   block	   the	   differentiation	  
process	  to	  memory	  T	  cells.	  This	  hypothesis	  is	  consistent	  with	  previous	  studies,	  which	  found	  
CTLs	   that	   express	   high	   levels	   of	   CD62-­‐L	   are	   more	   competent	   in	   the	   clearance	   of	   viral	  
antigens	   and	   induce	  a	   robust	  protective	   response	  against	   tumours	   (Klebanoff	   et	   al.,	   2005;	  
Wherry	  et	  al.,	  2003).	  Furthermore,	  in	  the	  presence	  of	  TGF-­‐β,	  CTLs	  had	  low	  levels	  of	  phospho-­‐
ERK.	  Anergic	  T	  cells	  have	  a	  selective	  defect	  in	  their	  capacity	  to	  activate	  several	  MAP-­‐kinases	  
when	   the	   TCR	   is	   activated. Erk	   has	   been	   implicated	   in	   granule	   release	   in	   T	   cells	   (Jenkins,	  
Tsun,	   Stinchcombe,	   &	   Griffiths,	   2009).	   Thus,	   the	   lack	   of	   ERK	   phosphorylation	   has	   been	  
considered	   a	   hallmark	   of	   anergy	   (Parish	   et	   al.,	   2009).	   Tumour-­‐infiltrating	   CD8+	   T	   cells	  
isolated	   from	   tumours	   that	   produce	   high	   amounts	   of	   TGF-­‐β	   have	   reduced	   levels	   of	   Erk	  
phosphorylation	   (di	   Bari	   et	   al.,	   2009).	   Tregs	   that	   express	   high	   levels	   of	   PD-­‐1	   also	   fail	   to	  
phosphorylate	  Erk	  when	  TCR	  is	  activated	  (Fife	  et	  al.,	  2009).	  	  
The	  hypo-­‐reactiveness	  of	  T	  cells	  against	  tumour	  antigens	  has	  been	  considered	  the	  principal	  
cause	  by	  which	  tumours	  escape	  the	   immune	  system.	  However,	   the	  migration	  behaviour	   in	  
anergic	  T	  cells	  differs	  from	  that	  of	  conventional	  T	  cells,	  notably	  in	  the	  way	  they	  interact	  with	  
antigen-­‐presenting	  cells	  (APC).	  Therefore,	  the	  motility	  pattern	  is	  a	  critical	  determinant	  in	  the	  
immune	  response	  to	  a	  particular	  antigen.	  For	  instance,	  CTLA-­‐4	  has	  been	  reported	  to	  mediate	  
anergy	   induction	  by	  avoiding	  stable	   interactions	  between	  T	  cells	  and	  APC	   (Lu	  et	  al.,	  2012).	  
This	  event	  is	  known	  as	  the	  reversal	  of	  the	  TCR	  stop	  signal.	  According	  to	  this	  concept,	  T	  cells	  
are	  highly	  motile	  cells	  searching	  for	  their	  cognate	  antigen.	  In	  the	  presence	  of	  the	  antigen,	  T	  
cells	   slow	  down	   in	  order	   to	   interact	  with	  an	  APC.	  The	   lack	  of	  engagement	  between	  T	  cells	  
and	  APCs	  could	  be	  due	  to	  the	  poor	  reactiveness	  of	  anergic	  T	  cells	  where	  the	  TCR	  is	  not	  fully	  
activated.	  Furthermore,	  CTLA-­‐4	  reduces	  the	  activation	  of	  intermediaries	  of	  the	  TCR	  signalling	  
pathway	   such	   as	   Zap-­‐70	   (Schneider,	   Smith,	   Liu,	   Bismuth,	   &	   Rudd,	   2008).	   The	   suppressive	  
capability	   of	   Tregs	   modulated	   by	   TGF-­‐β	   is	   dependent	   on	   the	   CTLA-­‐4	   signalling	   pathway.	  
Suppressing	   T	   cell	   motility	   by	   blocking	   the	   CTLA-­‐4	   signalling	   pathway	   enhances	  
immunotherapy	  against	  tumours	  (Ruocco	  et	  al.,	  2012).	  These	  findings	  suggest	  that	  reversal	  
of	   the	   TCR	   stop	   signal	   is	   associated	   with	   the	   activation	   level	   of	   T	   cells,	   a	   process	   that	   is	  
regulated	  by	  TGF-­‐β.	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The	  expression	  of	  PD-­‐1	  by	  T	   cells	   is	   another	  example	   in	  which	  T	   cells	   can	  have	  a	  deficient	  
interaction	  with	  APCs.	  Thus,	  PD-­‐1	  has	  been	  considered	  a	  key	  molecule	  in	  preserving	  anergy	  
in	  T	  cells	  and	  protecting	  against	  autoimmune	  disease	  (Keir	  et	  al.,	  2006).	   It	  has	  been	  shown	  
that	  T	  cells	  with	  high	  levels	  of	  PD-­‐1	  fail	  to	  initiate	  stable	  interactions	  with	  APCs.	  In	  contrast,	  
blockage	  of	  the	  PD-­‐1	  signalling	  pathway	  enhances	  the	  interaction	  of	  anergic	  T	  cells	  with	  their	  
respective	  APC	  and	  potentiates	  the	  phosphorylation	  of	  key	  TCR	  signalling	  molecules	  such	  as	  
ERK	  (Fife	  et	  al.,	  2009).	  Recent	  work	  has	  reported	  that	  the	  modulation	  of	  several	  MAP	  kinases	  
may	   influence	   the	  migration	   behaviour	   of	   leukocytes.	   For	   instance,	   ERK	   inhibition	   induces	  
directed	  migration	   in	  neutrophils.	   In	   contrast,	  high	   levels	  of	  ERK	  phosphorylation	  promote	  
arrested	  migration	  (X.	  Liu	  et	  al.,	  2012).	  The	  current	  study	  provided	  direct	  evidence	  that	  the	  
activation	  of	  the	  TCR	  influences	  the	  migration	  behaviour	  of	  CTLs.	  Upon	  TCR	  activation,	  CTLs	  
are	  more	  arrested	  and	  they	  migrate	  more	  randomly	  compared	  to	  control	  CTLs.	  The	  blockage	  
of	   ERK,	   an	   important	   intermediary	   of	   the	   TCR	   signalling	   pathway,	   prevents	   CTLs	   changing	  
their	  migration	  behaviour.	  In	  fact,	  these	  cells	  continue	  to	  have	  a	  directed	  mode	  of	  migration	  
with	  relatively	  high	  average	  speeds.	  Thus,	  TGF-­‐β	  prevents	  the	  TCR	  stop	  signal	  by	  modulating	  
the	  level	  of	  ERK	  phosphorylation.	  	  
The	  migration	  behaviour	  of	  T	  cells	  is	  considered	  an	  important	  component	  in	  the	  process	  of	  
clearance	   and	   elimination	   of	   pathogens.	   Classically,	   T	   cells	   were	   considered	   to	   exhibit	  
Brownian	   random	   migration	   in	   seeking	   antigens.	   However,	   recent	   work	   has	   shown	  
contradictory	  results.	  For	  instance,	  T	  cells	  in	  the	  brain	  travel	  in	  a	  directed	  fashion	  in	  order	  to	  
find	   rare	   antigens	   (Harris	   et	   al.,	   2012).	   In	   the	   epidermis,	   T	   cells	   migrate	   in	   straight	   lines	  
(Ariotti	  et	  al.,	  2012).	  In	  both	  scenarios	  a	  directed	  mode	  of	  migration	  allows	  T	  cells	  to	  screen	  
large	   areas	   of	   tissue	   within	   a	   period	   of	   hours.	   This	   mode	   of	   migration	   enhances	   the	  
probability	  T	  cells	  will	  encounter	  their	  targets.	  However,	  other	  studies	  have	  reported	  that	  T	  
cells	  migrate	  in	  a	  random	  fashion.	  CTLs	  migrate	  randomly	  in	  the	  acinar	  islets	  of	  the	  pancreas	  
in	   order	   to	   find	   their	   target	   (Coppieters,	   Amirian,	   &	   von	   Herrath,	   2012).	   T	   cells	   move	  
constitutively	   and	   randomly	   throughout	   the	  paracortex	  of	   the	   lymph	  nodes	   (Munoz	  et	   al.,	  
2014).	  Thus,	  T	  cell	  motility	  is	  highly	  dependent	  on	  the	  local	  environment.	  	  
Previous	   studies	   proposed	   that	   the	   killing	  of	   target	   cells	   can	  be	  understood	   as	   a	   collision-­‐
based	   process.	   This	   process	   is	   driven	   by	   the	   interaction	   between	   targets	   and	   T	   cells.	   This	  
interaction	  affects	  the	  surrounding	  environment	  resulting	  in	  the	  recruitment	  of	  additional	  T	  
cells,	   forming	   a	   cluster.	   The	  molecular	  mechanism	   behind	   this	   event	   is	   still	   unknown,	   but	  
previous	   reports	   have	   hypothesised	   that	   the	   local	   production	   of	   chemokines	   could	   be	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responsible	   for	   the	   cluster	   formation	   (Cockburn	   et	   al.,	   2013).	   Thus,	   the	   recognition	   of	  
cognate	  antigens	  within	   tumours	  plays	  a	   larger	   role	   in	  efficient	  T	   cell	  migration	   than	   long-­‐
range	  chemokine	  gradients	  (Mrass	  et	  al.,	  2006).	  It	  has	  been	  suggested	  that	  the	  formation	  of	  
clusters	   improves	  the	  efficiency	  of	  killing	  target	  cells.	  However,	   it	   is	  still	  unknown	  how	  the	  
first	  T	  cell	  finds	  a	  target	  cell	  and	  whether	  this	  is	  a	  random	  or	  directed	  process.	  Therefore,	  the	  
presence	   of	   TGF-­‐β	   could	   affect	   the	   formation	   of	   clusters	   due	   to	   reduced	   engagement	  
between	  CTLs	  and	  targets.	   In	  contrast,	  TGF-­‐β	   inhibition	  potentiates	  the	  formation	  of	  these	  
clusters	  thereby	  increasing	  the	  efficiency	  of	  killing.	  	  	  
	  
In	  pathological	  conditions	  T	  cells	  have	  different	  migration	  behaviours.	  Resident	  T	  cells	  in	  the	  
skin	  remain	  concentrated	  at	  the	  site	  of	  infection.	  A	  random	  migration	  mode	  guarantees	  the	  
retention	   of	   these	   cells	   in	   the	   inflammatory	   region	   (Zaid	   et	   al.,	   2014).	   In	  mice	  models	   of	  
stroke,	  a	  brain	   injury	   induces	  a	  dramatic	  reduction	  of	  migratory	  natural	  killer	  T	  cells	  within	  
liver	  sinusoids	  (C.	  H.	  Wong,	  Jenne,	  Lee,	  Leger,	  &	  Kubes,	  2011).	  These	  cells	  express	  high	  levels	  
of	   the	   activation	  marker	   CD69	   and	   they	   scan	   in	   a	   circular	   pattern.	   Thus,	   under	   activated	  
conditions	  T	  cells	  have	  an	  arrested	  migration	  behaviour	  which	  confine	  them	  to	  a	  particular	  
location	   where	   they	   can	   conduct	   their	   effector	   functions.	   However	   the	   molecular	  
mechanisms	   of	   this	   phenomenon	   are	   still	   unknown.	   In	   this	   study,	   activated	   CTLs	   not	   only	  
travel	   in	   a	   random	   migration	   mode	   but	   they	   also	   display	   a	   different	   morphology.	   The	  
dynamics	  of	  actin	  polymerisation	  are	  a	  key	  component	  of	  the	  migration	  of	  T	  cells.	  To	  create	  
T	  cells	   that	  can	  migrate	   in	  one	  direction,	  actin	   filaments	  have	  to	  polymerise	  at	   the	   leading	  
edge	   but	   they	   must	   also	   depolymerise	   in	   sites	   where	   they	   are	   no	   longer	   needed.	  
Nevertheless,	   activated	   CTLs	   have	   an	   abnormal	   organisation	   of	   the	   cytoskeleton	  whereby	  
they	   generate	   multiple	   protrusions	   in	   different	   orientations.	   Activated	   CTLs	   migrate	  
randomly	  by	  establishing	  a	  steady	  conformation	  of	  the	  actin	  filaments,	  a	  process	  driven	  by	  
the	   TCR	   signalling	   pathway.	   This	   conformation	   forces	   T	   cells	   to	   stay	   in	   the	   site	   of	  
inflammation.	   Strikingly,	   in	   the	   presence	   of	   TGF-­‐β,	   CTLs	   were	   resistant	   to	   the	   changes	  
normally	  brought	  on	  by	  TCR	  activation.	  These	  cells	  not	  only	  displayed	  a	  directed	  migration	  
but	  the	  organisation	  of	  their	  actin	  filaments	  also	  did	  not	  change.	  This	  could	  explain	  why	  CTLs	  
primed	  with	  TGF-­‐β	  do	  not	  respond	  to	  the	  TCR	  stop	  signal	  and	  fail	  to	  eliminate	  their	  targets.	  
Consistent	   with	   other	   models,	   the	   overactivation	   of	   Rac1	   promotes	   random	  migration	   in	  
fibroblasts	   by	   generating	   peripheral	   lamellipodia	   that	   promote	   cell	   turning.	   In	   contrast,	  
lower	  levels	  of	  Rac1	  activation	  induces	  a	  persistent	  mode	  of	  migration	  (Pankov	  et	  al.,	  2005)	  
(Figure	  5.1).	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Figure	  5.1:	  The	  generation	  of	  protrusions	  determines	  the	  migration	  behaviour	  of	  cells.	  A)	  
Fibroblast	   cells	   have	   different	   morphologies	   and	   localisation	   of	   the	   lamellae	   depending	  
whether	  they	  are	   in	  2D	  or	  3D	  environments	  (Left).	  This	   is	  correlated	  with	  the	  levels	  of	  Rac1	  
activation	   as	   indicated	   (Right).	   Adapted	   from	   (Pankov	   et	   al.,	   2005).	   B)	   Schematic	  
representation	  of	  the	  generation	  of	  protrusions	  in	  CTLs	  derived	  from	  GFP-­‐Lifeact	  x	  OT-­‐1	  mice.	  
In	   resting	   conditions	   (IgG),	   CTLs	   developed	   small	   and	   highly	   dynamic	   protrusions	   (Left).	  
Activated	  TCR	  induced	  the	  formation	  of	  larger	  protrusions	  with	  longer	  lifespans	  (Right).	  	  
	  
Thus,	   the	  capacity	   to	  switch	  between	  different	  protrusions	   is	   considered	  a	  major	  player	   in	  
cell	  motility,	   especially	   in	   cancer	   dissemination.	   The	   plasticity	   of	   protrusion	   formation	   has	  
been	   examined	   in	   the	   context	   of	   the	   transition	   between	   mesenchymal	   and	   amoeboid	  
migration	  using	  cancer	  models.	  The	  modulation	  of	  the	  actomyosin	  cortex	  has	  been	  involved	  
in	  switching	  between	  these	  two	  patterns	  of	  migration	  (Bergert	  et	  al.,	  2012).	  However,	  little	  
is	   known	  about	   how	   the	   actomyosin	   cortex	  modulates	   the	  migration	  behaviour	   of	   T	   cells.	  
The	   current	   work	   provides	   evidence	   that	   the	   inhibition	   of	   a	   particular	   component	   of	   the	  
actomyosin	   cortex	   promotes	   a	   characteristic	   protrusion	   with	   a	   particular	   migration	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Rac1. These state II cells demonstrated both the highest direc-
tionality and highest velocity of migration. We suggest that this
condition would be ideal for cell migration in vivo; e.g., during
neural crest and myoblast cell migration in embryonic develop-
ment. Elevation of Rac levels by extrinsic or intrinsic factors
could disrupt these processes. In addition, our finding that
chemotaxis can be stimulated by a moderate reduction in Rac
suggests that the specific level of overall Rac activation may
also influence chemotactic efficiency in vivo.
The low random motility of state II cells in 3D could be
mimicked by suppressing active Rac in cells in 2D cultures
30–95% below steady-state levels. Levels of active Rac found
normally in cells attached to 2D plastic or fibronectin-coated
substrates in regular tissue culture promoted the formation of
peripheral lamellae and led to an increased random migration
(Fig. 8, state III). Random migration could also be induced in
state II cells in 3D matrices by the experimental elevation of
Rac. At very high levels of Rac-GTP accompanying constitu-
tive activation, cells acquired rounded nonruffling or pancake-
shaped, highly ruffled morphologies, and they became immobi-
lized (Fig. 8, state IV). This state might occur during initial
cell spreading when cells show transient Rac activation (Price
et al., 1998) without migration. The key finding, however, is
that relatively small changes in total Rac can serve as a central
regulator of intrinsic random versus directionally persistent
cell migration.
Materials and methods
Cell culture
Primary human foreskin fibroblasts were a gift from Susan Yamada (Na-
tional Institute of Dental and Craniofacial Research [NIDCR], Bethesda,
MD) and were used at passages 5–18. The GD25 !1-null fibroblast cell
line was a gift from R. Fässler (Max Planck Institute, Martinsried, Ger-
many). GD25 cells expressing wild-type or mutant !1 integrin were gen-
erated as described previously (Pankov et al., 2003). U87-MG human
glioblastoma and MCF-10A human breast epithelial cell lines were origi-
nally purchased from American Type Culture Collection. All cell lines ex-
cept MCF-10A were cultured in DMEM containing 10% FBS, 100 U/ml
penicillin, and 100 "g/ml streptomycin. MCF-10A cells were cultured in
DMEM/Ham’s F12 medium supplemented with 20 ng/ml EGF, 10 "g/
ml insulin, 500 ng/ml hydrocortisone, and 5% equine serum. 3D fi-
bronectin-containing matrices were prepared as described previously
(Cukierman et al., 2001).
A 3D matrix on a coverslip was mechanically compressed by ap-
plying a weight of 940 g to a central area of 625 mm2 (1.5 g/mm2) for 5
min to generate a 2D matrix (Cukierman, 2002). Alternatively, 3D matri-
ces were solubilized in 5 M guanidine containing 10 mM DTT and 5 mM
PMSF. The dissolved matrix components were coated on tissue culture
dishes at a protein concentration of 50 "g/ml.
Antibodies and reagents
Antibodies to total-, phospho (Ser 473)-, and phospho (Thr 308)-Akt as
well as total, phospho (Thr 202), and (Tyr 204) p44/42 MAP kinase
(ERK1/2) were purchased from Cell Signaling; anti-Cdc42 antibody was
purchased from BD Biosciences; phalloidin conjugated with Alexa 488 or
Alexa 594 was obtained from Molecular Probes; total, phospho (Thr
183), and phospho (Tyr 185) JNK antibodies, Cdc42 siRNA sc29256,
and RhoA siRNA sc29471 were obtained from Santa Cruz Biotechnol-
ogy, Inc.; anti-RhoA antibodies were purchased from Santa Cruz Biotech-
nology, Inc. or Cytoskeleton, Inc.; anti-VSV epitope and antiactin clone
AC-40 were purchased from Sigma-Aldrich; anti-Rac antibody and Rho-
tekin-Rho binding domain were purchased from Upstate Biotechnology or
Cytoskeleton, Inc.; anti-!1 antibody 4080 was raised against a 50-mer cy-
toplasmic domain peptide in a rabbit; and anti-!3 integrin hybridoma AP3
was purchased from American Type Culture Collection. PAK1 PBD aga-
rose was purchased from Upstate Biotechnology or Cytoskeleton, Inc. Rac1
siRNA and the nonspecific control siRNA pool were obtained from Dhar-
macon. The individual sequences (sense) for each Rac1 siRNA duplex
were as follows: 5, AGACGGAGCUGUAGGUAAAUU; 7, UAAGGAGA-
UUGGUGCUGUAUU; 8, UAAAGACACGAUCGAGAAAUU; and 9 (with
ON TARGET™ modification for enhanced specificity), CGGCACCACU-
GUCCCAACAUU. These siRNAs were used either as a pool of all four or
as individual siRNA duplexes.
The Rac inhibitor NS 23766 was recently reported (Gao et al.,
2004) to be a Rac-specific small-molecule inhibitor that targets Rac activa-
tion by GEF. The compound was designed, synthesized, and provided by
the Drug Synthesis and Chemistry Branch (National Cancer Institute, Be-
thesda, MD). LY 294002 was purchased from Calbiochem.
Plasmids
An expression plasmid containing cDNA encoding the small GTPase Rac1
was provided by J. Silvio Gutkind (NIDCR). The constitutively activated
Rac1 construct pRK VSV RacQ61L (Rac QL) with a VSV epitope tag was de-
scribed previously (Koivisto et al., 2004). A cDNA clone encoding Akt was
purchased from Upstate Biotechnology. For constitutive activation, the myris-
toylated vector pRKmyr was constructed by inserting the Kozak consensus
sequence and the 13 NH2-terminal amino acids of c-Src into the pRK5-
based expression syste . BamHI and XbaI sites were introduc d into Akt us-
ing PCR, and Akt was subcloned into pRKmyr to obtain pRKmyrAkt. HindIII
and SalI sites were introduced by PCR to flank the Akt PH domain (aa
1–148), and the PH domain was subcloned into pEGFP-C1 to generate the
pEGFP-C1Akt-PH probe (Kontos et al., 1998; Servant et al., 2000).
siRNA transfection, pull-down assays, and immunoblotting
Primary human fibroblasts were transfected with 0.01–200 nM siRNA us-
ing Lipofectamine 2000 (Invitrogen) and OptiMEM medium (GIBCO BRL)
in the absence of antibiotics according to the manufacturer’s recommen-
dations. Transfected cells were passaged at 56–60 h and used after 72 h.
Transfection efficiency as determined by fluorescence detection of Dhar-
macon siGLO RISC-free siRNA at transfection concentrations ranging from
0.01 to 100 nM was 100% at all of these concentrations tested. Pull-down
assays for Rho-GTPases were performed as described previously (Sander
et al., 1998) with minor modifications. In brief, cells were scraped into
ice-cold lysis buffer (25 mM Hepes, pH 7.5, 150 mM NaCl, 10 mM
MgCl2, 1 mM EDTA, 1% Igepal, 10% glycerol, and Complete™ protease
Figure 8. Four stages of Rac-GTP regulation of cell morphology
and types of cell motility. The amount of Rac localized in lamel-
lae as shown by anti-Rac1 antibody localization (left) and de-
picted schematically in the diagram (red) with increasing levels
of Rac activation (broad gray arrow) from state I to state IV. In-
creased levels of total cellular active Rac produce characteristic
increases in the extent of random cell motility accompanied by
varying velocities of cell migration in 2D versus 3D culture or af-
ter experimental manipulations of Rac activity. Rac activation
that is too low or too high leads to immobilization, with stunted
lamellae at low levels and continuous, circumferential lamellae or
cell rounding at very high levels (Discussion). The cells shown in
the examples were primary human fibroblasts stained for Rac1
after culturing on a 2D substrate (state III) or in a 3D matrix (state II) compared with effects of extensive knockdown of Rac1 using 200 nM Rac siRNA
(state I) or overexpression of constitutively activated Rac QL after transient transfection (state IV).
!10!sec.!!20!sec.!
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Rac and migration in 3D matrix
Cells migrating in 3D cell-derived matrices have different
types of cell adhesions, morphology, and signaling when com-
pared with cells in standard 2D tissue culture (Cukierman et al.,
2001; Walpita and Hay, 2002). Human fibroblasts in such 3D
matrices were found to have a partial, but highly reproducible,
30–50% reduction in active Rac, but no reduction or increase in
Cdc42 or Rho activities (Fig. 7 A). This reduction in Rac activ-
ity was accompanied by decreased random migration (Fig. 7 C
and Video 3), with directional persistence incre si g from
D/T2D ! 0.48 " 0.03 to D/T3D ! 0.87 " 0.02 (P # 0.0001).
Individual cells in the 3D m trix became spindle shaped as pre-
viously described (Cukierman et al., 2001), but in additi n,
staining for F-actin revealed a substantia  red ction in periph-
eral lamellae in 3D compared with 2D (Fig. 7 B). In contrast to
the results in cells cultured on 2D substrates, there w s a signif-
icant increase in overall cell migr t on v lo ity by 34% associ-
ated with the reductions in active Rac and random migration i
a 3D environment (Fig. 7 C; P # 0.0001). These findings fur-
ther indicate the separate reg l tion of speed a  directionality.
Because the differen es between 2D fibronectin and 3D
substrates could have been the result of either three dimension-
ality or of differences in molecular composition, the 3D matrix
was converted to 2D as a direct test of the role of dimensionality.
Physically flattening 3D cell-derived matrices by compression
still retained the increased overall velocity, but it as acco -
panied by a restoration of random motility (Fig. 7 D; P #
0.0001). Moreover, solubilizing the matrix and spreading its
mixed components on a 2D substrate showed the same restora-
t on of random m tility (Fig. 7 D; P # 0.0001), with migration
rates s milar to those on 3D matrix (no statistically significant
difference). These analyses indicate that the increased direc-
tionality in 3D is related to the three dimensionality of the
matrix, and th t it is unrelated to cell migration speed.
A highly oriented 3D matrix, such as from tumor-derived
stromal cells, can affe t the orientation and potentially the migra-
tio  of cells (Amatangelo et al., 2005). lthough local parall l
alignment and migration of closely adjacent cells was sometimes
present in our 3D matrix cultures, there was no general pattern
of parallel migration. Persistence of migration occurred in all di-
recti ns in the 3D matrix (Fig. S5, A and B, available at http://
jcb.org/cgi/content/full/jcb.200503152.DC1). Finally, directly
Figure 6. Inhibition of PI 3-kin se r Cdc42 in ibits chemotaxis but ot
directionally persistent cell migration. (A) Inhibition of PI3K by 50 $M LY
294002 blocks primary human fibroblast chemotaxis toward 300 nM
fMLP whether or not Rac is suppressed by 1 nM Rac1 siRNA. (B) Localiza-
tion of GFP-tagged Akt PH domain to lamellae is suppressed by treatment
with LY 294002. Insets show lower magnification views of the entire cell.
Bars, 20 $m. (C) Inhibition of Cdc42 by 100 nM Cdc42 siRNA (%80% of
both total Cdc42 protein and activity) blocks fMLP-stimulated chemotaxis
of human fibroblasts. (D) Inhibition of PI3K by 50 $M LY 294002 does
not suppress the increased directional persistence of migration induced by
reduction of active Rac using 1 nM Rac1 siRNA. (A, C, and D) Error bars
represent SEM.
Figure 7. 3D fibronectin matrix reduces both Rac activity and random
migration. (A) Primary human fibroblasts were plated on 2D substrates
coated with fibronectin or 3D matrices rich in fibronectin and assayed for
activity as in Fig. 1. The reduction of active Rac in cells plated in a 3D ma-
trix compared with 2D was 31% (P ! 0.017), whereas Cdc42 and Rho
changes were not significant (Cdc42 4.5% reduction, P ! 0.66; Rho 25%
increase, P ! 0.65). Error bars indicate SEM. (B) Cells in 2D versus 3D
environments have different morphologies and locations of lamellae (ar-
rowheads), as shown after staining for F-actin with phalloidin-Alexa 594
(left and red color in the right) and anti-fibronectin antibody (green). Bar,
20 $m. (C) Migration of cells in 2D versus 3D environments was re-
corded, and directionality (D/T) and velocity were calculated. (C and D)
Error bars represent SEM. (D) Decreased random motility of cells within
three-dimensional (3D) matrix. Primary human fibroblasts were cultured
overnight within intact 3D matrices, on mechanically flattened 3D matrix
(2D matrix), or on surfac s coated with solubilized 3D matrix (2D mix).
Cell movements were recorded for 10 h, and the D/T ratio and velocity
were calculated as described above. (E) Activated Rac in cells in 3D ma-
trix restores random motility. Prim ry human fibroblasts were cotrans-
fected with Rac Q61L VSV and Rac Q61L GFP or GFP alone (Control),
sorted for low levels of GFP expression (1–50% from the peak of positive
cells), and plated on 3D matrices. Cell movements were record d for 10 h,
and the D/T ratio an v locity were quantified. The bars represent the
means of data pooled from two experiments, and e ror bars indicate SEM
(n ! 32–34 cells).
A) 
B) 
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behaviour.	  For	  instance,	  the	  inhibition	  of	  Arp2/3	  abrogates	  the	  formation	  of	  pseudopods	  but	  
still	  maintains	  cell	  polarisation	  by	  forming	  blebs	  in	  the	  leading	  edge	  and	  a	  uropod	  in	  the	  rear.	  
The	  inhibition	  of	  ROCK	  induced	  formation	  of	  a	  lamellipodium	  in	  the	  front	  but	  abrogates	  the	  
formation	  of	  the	  uropod.	   In	  contrast	  the	  double	   inhibition	  of	  ROCK	  and	  Arp2/3	  completely	  
abrogates	  T	  cell	  polarity,	  although	  these	  cells	  generated	  filopodia.	  Strikingly,	  the	  formation	  
of	   a	   particular	   protrusion	   is	   correlated	   with	   a	   characteristic	   migration	   behaviour.	   For	  
instance	   the	   pan-­‐inhibition	   of	   formins	   induced	   a	   confined	   migration	   mode.	   These	   results	  
support	   the	  notion	  that	  adequate	  T	  cell	  polarisation	   is	  necessary	   for	  efficient	  motility.	  This	  
requires	   a	   functional	   cytoskeleton	   in	  which	   dynamic	   actin	   polarisation	   occurs	   in	   the	   front	  
and	  myosin-­‐dependent	   contractility	   transpires	   at	   the	   rear.	   Previous	   studies	   reported	   that	  
actomyosin	  is	  also	  important	  for	  the	  killing	  capacity	  of	  CTLs,	  however	  neither	  the	  inhibition	  
of	  Arp2/3	  nor	  ROCK	  altered	  the	  capacity	  of	  the	  CTLs	  to	  kill	  targets.	  Only	  with	  the	  inhibition	  of	  
formins	   was	   there	   an	   impairment	   of	   cytotoxic	   activity.	   This	   finding	   is	   consistent	   with	  
previous	   reports	   in	   which	   inhibition	   of	   the	   formins	   mDia1	   or	   FMNL1	   disrupted	   the	  
polarisation	  of	  the	  centrosome	  in	  front	  of	  the	  IS,	  thereby	  reducing	  killing	  efficiency	  (Gomez	  
et	  al.,	  2007).	  	  	  
	  
Overall,	   this	   work	   confirms	   that	   T	   cell	   migration	   is	   highly	   dependent	   on	   the	  
microenvironment.	   The	   tumour	   microenvironment	   is	   a	   complex	   network	   that	   produces	  
growth	   factors	   and	   cytokines	   that	   determine	   the	   fate	  of	   different	   cell	   types.	   For	   instance,	  
TGF-­‐β	   is	   an	   immunosuppressive	   cytokine	   that	   alters	   the	   effector	   function	   of	   T	   cells.	   We	  
showed	   that	   TGF-­‐β	   also	   affects	   the	   migration	   behaviour	   of	   CTLs	   by	   impairing	   their	  
interaction	  with	   target	   cells.	   This	   phenomenon	   could	   explain	   how	   cancer	   cells	   escape	   the	  
immune	   response.	   However,	   it	   remains	   unknown	   how	   different	   signals	   coming	   from	   the	  
microenvironment	  affect	   the	  actomyosin	  cortex	  during	  migration.	  This	  work	  provided	  new	  
insight	   into	   how	  modulation	   of	   the	   cytoskeleton	   influences	   the	  motility	   of	   T	   cells.	   Future	  
studies	  should	  focus	  on	  determining	  how	  the	  actomyosin	  cortex	  is	  involved	  in	  the	  reversal	  of	  
the	   TCR	   stop	   signal	   when	   CTLs	   are	   interacting	   with	   their	   respective	   targets.	   Thus,	   the	  
modulation	   of	   the	   actomyosin	   cortex	   could	   be	   a	   suitable	   option	   to	   enhance	   the	   immune	  
response	  against	  tumours.	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